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TRANSGENIC PLANTS CONTAINING ALTERED LEVELS
OF STEROL COMPOUNDS AND TOCOPHEROLS

Cross Reference to Related Applications

This application claims priority from provisional application 60/128,995, filed

April 12,1999, which is hereby incorporated by reference in its entirety for all purposes.

Background of the Invention

Field of the Invention

The present invention relates to transgenic plants having improved nutritional

characteristics. More particularly, the present invention relates to transgenic plants, fruit

and vegetable parts of which contain modified levels of sterol compounds, such as
elevated levels of beneficial phytosterols, e.g., sitosterol, phytostanols, e.g., sitostanol,
and esters thereof. Such transgenic plants can also contain elevated levels oftocopherols,

such as a-tocopherol. In addition, these transgenic plants can contain reduced levels of

campesterol and campéstanol, and their respective esters, in their fruit and vegetable

parts. Nucleic acid sequences encoding a variety of different enzymes that affect the

biosynthesis and accumulationof sterol compounds and tocopherols in plants, and

methods for using these sequences to produce such transgenic plants, are also provided.

- These methods comprise, for example, introducing‘a 3-hydroxysteroid oxidase such as

a cholesterol oxidase, optionally in combination with a steroid Sa-reductase, and further
optionally in combination with at least one tocopherol biosynthetic enzyme, into plants

to elevate the levels of sitostanol and tocopherols, respectively, especially in seeds.

. Description of Related Art

Phytosterols and Phvtostanols

Ph_vtoéterols and phytostanols are well known to be beneficial for lowering serum

cholesterol (Ling et al. (1995) Life Sciences 57: 195-206) and reducing the risk of cardiac

disease. These compounds are poorly absorbed in the liver, and block the absorption of

dietary cholesterol. Phytosterols and phytostanols, however, are present only in low
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amounts in seeds of dicotyledonous piants such as soybean, cotton, etc. Recently, strong

evidence has been obtained demonstrating the role of phytostanols (hydrogenated forms

.of phytosterols, for example sitostanol) in reducing serum cholesterol in humans (Ling

et al.,, supra). Ferulate and fatty acyl esters of sitostanol are naturally present in cereal

- grains in low levels (Seitz (1989) J. Agric. Food Chem. 37: 662-667; Dyas et al. (1993)

Phytochem. 34: 17-29). In addition to phytosterols and phytostanols, grains and seeds
also contain tocopherols and tocotrienols. Tocopherols act as antioxidants, and play a
major role in protecting cells from damage caused by free radicals (Halliwell (1997)
Nutrition Review 55: 44-60).

Insect-Resistant Transgenic Plants Expressing 3-Hvdroxvsteroid Oxidases

U.S. Patent No. 5,518,908 discloses.a method of controllirig insect infestation in
plants, cdmprising expressing a structural coding sequence encoding a 3-hydroxysteroid
oxidase in cells of such plants, or in plant-colonizing microorganism‘s that can be applied
to the plants, to impart insect resistance to the latter. In the case of transgenic planté, the
goal was to provide m'on'ocot'yledonous and dicotyledonous plants constitutively
expressing an insecticidally effective amount of a 3-hydroxysteroid oxidase in plant parts
such as leaves, flowers, and, in the case of cottoh, bolls. The inventors expressed a
preference for the use of constitutive promoters such as the nos, ocs, CaMV 19S and 358,
ssRUBISCO, and FMV 35S promoters to achieve this goal. Expression of the 3-
hydroxysteroid oxidase in the cell cytoplasm, in extracellular spaces via the use of a
secretory signal sequence, and in vacuoles and chloroplasts via the use of appropriate
targeting sequences, is disélqsed. " However, no tmnsgeﬁic plants expressing a 3-
hydroxysteroid oxidase transgene were produced. The inventiondisclosed in U.S. Patent
No. 5,518,908 is therefore distinctly different from that provided herein, as will become
apparent from the description below. .

U.S. Pateni No. 5,554,369, a divisional of the ‘908 patent, claims a method of
controlling lepidopteran or boll weevil insect infestation of plants. comprising providing
a 3-hydroxysteroid oxidase for ingestion by the insect.

U.S. Patent No. 5,558.862. to the same inventors, claims a method of controlling

insect infestation in plants by applying to the plant environment or plant seed a plant-
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colonizing microorganism that expresses heterologous DNA encoding a 3-hydroxysteroid
oxidase.

U.S. Patent No. 5,763.245, also to the same inventors, claims a method of

'cbmrolling insect infestation in plants, comprising providing both a 3-hydroxysteroid

oxidase and an insectidical Bacillus thuringiensis (Bt) protein for ingestion by
lepidopteran insects. A method of producing a genetically transformed plant producing
an insecticidally effective amount of a Bt protein and a 3-hydroxysteroid oxidase,
comprising insening into the genome of a plant cell a recombinant vector comprising
nucleic acid sequences encoding the two proteins, as well as a promoter heterologous to
the protein coding sequences which is effective to result in expression of the protein
coding sequences in an insecticidally effective amount in a genetically transformed plant,
is also claimed. As in their ‘908, ‘369, and and ‘862 patents, supra, the inventors

emphasize the use of constitutive promoters to provide uniform expression in the

- flowering portions of plants. Transgenic con expressing either a Bt protein alone, or in

15

30

combination with a 3-hydroxysteroid oxidase, i.e., cholesterol oxidase, is disclosed. Two
populations of F1 generation plants expressing both proteins were produced by crossing
plants subjected to a cholesterol oxidase transformation event with a plant subjected to
a Bt transformation event.

Finally, European Patent EP 0 706 320 B1 (corresponding to PCT International
Publication WO 95/01098), also to the same inventors, and claiming priority from the
same U.S. patent application frdm which the ‘908 patent issued, discloses transgenic
tobacco expressing a 3-hydroxysteroid oxidase gene under the control of the constitutive
FMV 35 promoter. As in the other paferits discussed supra, the inventors again
emphasized the use.of plant constitutive promoters for expressing the 3-hydrox~ysieroid-
oxidase transgene to produce insect resistant plants.

Thus. a common feature of the disclosure of each of these patents is an emphasis
on the use of a constitutive plant promoter to achieve expression of an insecticidally

effective amount of a 3-hydroxysteroid oxidase in the flowering parts of plants to control

‘insect infestation. Seed-specific, embryo-specific, and plastid-specific expression are

neither disclosed nor suggested. Furthermore, no reason is given why such expression

would be desirable. nor is any motivation provided therefor.
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In addition to the foregoing patents, several reports relating to the expression of
a 3-hydroxysteroid oxidase gene in transgenic plants have appeared in the technical

literature. Corbin et al. (1994) Appl. Environ. Microbiol. 60: 4239-4244 discloses the

‘cloning and expression of the insecticidal choM cholesterol oxidase gene from

Streptomyces in E. coli, and transient expression thereof in tobacco protoplasts using the
constitutive FMV 3SS‘promoter. Cho et al. (1995) Appl. Microbiol. Biotechnol. 44: 133-
138 discloses the expression of the Strepromyces cholesterol oxidase gene choA in
transformed tobacco callus under the control of the constitutive CaMV 35S promoter.
Corbin et al. (1996) HortScience 31: 699, Abstract No. 786, discloses the cioning and
expression of a cholesterol oxidase gene in transgenic tobacco plants to yield plant tissue
that exerted potent activity against boll weevils. Estruch et al. (1997) Nature
Biotechnology 15: 137-141 is areview of approaches to pest control in transgenic plants,

focusing primarily on Bacillus thuringiensis endotoxins. The use of cholesterol oxidases

- as insecticidal proteins is also discussed. The authors note that enzymatically active

cholesterol oxidase was detected in extracts of tobacco protoplasts transformed with
native cholesterol oxidase genes. citing the 1994 Corbin et al. and 1995 Cho et al. papers,
supra. Discussing future directions in the area of insect resistant transgenic plants, the
authors speculate on the use of “tighter tissue-specific promoters,” without giving any
specific examples or suggestions. Jouanin et al. (1998) Plant Science 131: 1-11, another
review article. focuses on the use of Bacillus thuringiensis 6-endotoxins and plant-
derived genes such as those encoding enzyme inhibitors and lectins, to create insect
resistant transgenic plants. The authors note the insecticidal activity of Streptomyces

cholesterol oxidase genes, as well as the fact that most of the existing insect-resistant

- plants-express a single resistance gene placed under the control of a constitutive

promoter. In discussing strategies to retain insect susceptibility to B. thuringiensis genes
éXpressed in transgenic plants, the authors note the use of constitutive, tissue-specific,
and inducible promoters. They suggest that a means of avoiding the development of
resistance by in_sécts due to high selection pressure when constitutive _toxin expression
is employed in transgenic plants is via the use of tissue-specific promoters to limit insect
exposure to the toxin in certain parts of the plant éttacked by the insect. However, no

specific examples or suggestions as to any particular tissues or tissue-specific promoters
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are disclosed. Interestingly, the authors note that targeted expression of insecticidal
genes in transgenic plants could ensure public acceptance thereof, giving as an example
the expression of an insect toxin in leaves of potato plants rather than in the tubers to
control the Colorado potaio beeile. This suggests toxin expression in plants only where
itis needed to control insect pests, e.g., in non-food plant parts, when possible. Finaily,
Corbin et al. (1998) HortScience 33: 614-617 reviews strategies for identifying and

developing new insecticidal proteins for insect control in transgenic crop plants. In

_addition to discussing Bacillus thuringiensis d-endotoxins, the authors also review

research on cholesterol oxidase. Without providing any experimental details, they note

that thev expressed the cholesterol oxidase gene from Strepromyces A19249 in transgenic

tobacco. and demonstrated insecticidal activity of this tissue against boll weevil larvae.

‘They also note that they are currently characterizing the expression and biological

activity of cholesterol oxidase produced in transgenic cotton plants, again providing no
experimental details.

Taken together, the foregoing patents and journal articles reveal that the approach
generally employed up to this time to confer insect resistance on plants by recombinant
methods has been to express an insecticidal protein constitutively in a transgenic plant.
While suggesting that tissue-specific expression may have certain advantages, these
publications provide no specific examples or strategies. Targeting of enzymes involved
in insect resistance to plastids via the use of appropriate signal peptides in conjunction
with constitutive promoters has been suggested. Note, for example, U.S. Patent
5,518,908. The use of tissue-specific promaters, such as seed-specific promoters. for
this purbose, and direct transformation of plastids; especially those in seed tissues, has
not been disclosed or suggested. This literature does suggest, however, that limiting
:expression to plant parts attacked by insects, for example leaves, and avoiding expression
in plant parts used as food or sources of food products or ingredients, for example potato
tubers..is desirable. Thus, these references teach away from the concept of expressing
an insecticidal protein such as a cholesterol oxidase in a plant part such as a seéd, which

can be a food. and a source of food products or ingredients such as oil and meal. Nordo

- any of these references teach or suggest the modification of endogenous phytostanol

levels in plants transformed with such genes. or that such modification is even possible

|4
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using such genes. Thus, these references provide no motivation to employ a cholesterol
oxidase to alter phytosterol/phytostanol levels in plants. nor do they suggest that
overexpression thereof in planta to modify phytosterol/phytostanol profiles carries with

it a reasonable expectation of success.

‘Nutritional Value of Plant Qils

Vegetable and bran oils are the best natural sources of phytosterols and
phytostanols. However, the amount of phytostanols in these oils is low relative to that
of other sterol compounds. Increasing the content of phytostanols such as sitostanol in
plant oils is thus desired in the art. Currently, most sitostanol is produced by processing
soy oil, and converting f3-sitosterol to sitostanol by hydrogenation. Such modifications
are known to improve the anti-atherogenic activity of these phytosterols. However,
besides adding cost, such chemical interventions can result in.the formation of
undesirable isomers. Therefore, modification of phytosterols by transesterification
and/or reduction of double bonds in planta is an economical, efficient means of

producing desired phytosterol derivatives, including phytosterol esters, phytostanols, and

-phytostanol esters. The ability to convert phytosterols to phytostanol esters naturally

would add significant nutritional value to grains and seeds. Furthermore, naturally
enhancing the levels of sitostanol, sitostanol esters, and tocopherols would not only
improve the nutritional value of cereal grains and seeds, but also facilitates "stacking” of
a combination of nutritionally iniportam bioactive molecules in a single, convenient
source. In this way, foods and food products containing bioactive molecules having
superior bioavailability and efficacy can be designed to improve human nutrition and

cardiovascular health.

Summary oI:the Invention

Accordingly, the bresem invention provides a number of different methods to
enhance the levels of desirable phytosterol and phytosfanol compounds.' such as
sitostanol and sitostanol esters, as well as tocopherol compounds, in plants. This is
achieved by expressing in plants genes or other DNA or RNA coding sequences that

elevate the levels of these important nutrients. In a preferred embodiment. elevation of
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the levels of sitostanol and tocopherol compounds is achieved by seed- or grain-specific

enhancement by the use of seed-specific or plastid-specific promoters. This includes

improvement of seed oil quality, for example in cotton and Brassica species.

In general. the methods disclosed herein for enhancin g the levels of phytostanols,

such as sitostanol, and tocopherol compounds in- plants employ the introduction and

- expression in plant cells of a 3-hydroxystebid oxidase, such as cholesterol oxidase,

optionally in combination with a steroid Sa-reductase, such as the enzyme encoded by
the Arabidopsis DET? gene. Concomitantly, tocopherol levels can be elevated by'the
introduction and expression of one or more genes in the tocopherol biosynthetic pathway.
The use of other polynucleotide sequences encoding enzymes that enhance the
biosynthesis and accumulation of desirable phytosterols, phytostanols, esters thereof, and
tocopherol compounds, is also disclosed. For example, sterol acyltransferases can be
employed to elevate the level of sitostanol and- other phytostanol esters; sterol
methyltransferases can be employed to decrease the levels of campesterol, campestanol,
and their respective esters.

Thus, in a first aspect, the present invention provides recombinant DNA

. constructs, comprising as operably linked components in the 5' to 3’ direction, a member

selected from:

a seed-specific promoter or a promoter functional in a plant plastid, a DNA
sequence encoding a 3-hydroxysteroid oxidase enzyme, and a transcription termination
signal sequence;

a seed-specific promoter or a promoter functional in a plant plastid, a DNA

‘'sequence encoding a steroid Sa- reductase enzyme. and a transcription termination si gnal

sequence;
a seed-specific promoter or a promoter functional in a plant plastid, a DNA

sequence encoding a 3-hydroxy-3-methylglutaryl-CoA reductase enzyme, and a

transcription termination signal sequence; .

a seed-specxﬁc promoter or a promoter funcuonal in a plant plastid, a DNA
sequence encoding a sterol methyl transferase enzyme, and a transcription termination

signal sequence;
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a seed-specific promoter or a promoter functidnal in plant plastid. a DNA
sequence encoding a sterol acyltransferase enzyme, and a transcription termination signal
sequence; and

~ a seed-specific promoter or a promoter functional in a plant plastid. a DNA
sequence encoding an S-adenosylmethionine-dependent y-tocopherol methyltransferase
enzyme, and a transcription termination signal sequence.

When the promoter is a seed-specific promoter, the recombinant construct can

further comprise a transit peptide coding region capable of directing transport of the

" enzyme into a plastid, operatively linked to said DNA sequence. When the promoter is

one that is functional in a plant plastid, the recombinarit construct can further comprise

a gene encoding a selectable marker for selection of plant cells comprising a plastid

_ expressing the marker, and DNA regions of homology to the genome of the plastid,

wherein theregions of homology flank the plaétid-ﬁmction promoter, the DNA sequence,
the transcription termination signal sequence, and the gene encodmg a selectable marker.
In addition, the recombinant construct can further comprise a ribosome binding site
joined to said plastid promoter. '

In a second aspect, the present. invention provides recombinant vectors, including
plant expression vectors. comprising any of the foregoing recombinant constructs.

In another aspect, the present invention provides transformed host cells, including
plant cells, comprising any of the foregoing recombinant constructs or vectors.

In another aspect, the present invention provides plants and seeds comprising at
least one of the foregoing transformed host cells.
' In another aspect, the present invention provides a plant, the genome of which
comprises introduced DNA selected from:

DNA encoding a 3-hydroxysteroid oxidase enzyme, wherein said introduced
DNA is operatively linked to rég’ulatory signals that cause seed-specific or plastid-

-specific expression of said introduced DNA, and wherein seeds of said plant contain an

. elevated level of sitostanol, at least one sitostanol ester. or a mixture thereof, compared

_ to seeds of an otherwise identical plant, the genome of which does not comprise said

introduced DNA;

va wta
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DNA encoding a steroid 5 a-reductase enzyme. wherein said introduced DNA is
operatively linked to regulatory signals that cause seed-specific or plastid-specific
expression of said introduced DNA. and wherein seeds of said'plént contain an elevated
level of sitostanol, at least one sitostanol ester, or a mixture thereof, compared to seeds
of an otherwise identical plant, the genome of which does not comprise said introduced
DNA; '

DNAs encoding a 3-Hydroxysteroid oxidase enzyme and a steroid Sa-reductase

enzyme. wherein said introduced DNAs are operatively linked to regulatory si gnals that

. cause seed-specific or plastid-specific expression of said introduced DNAs, and wherein

seeds of said plant contain an elevated level of sitostanol. at least one sitostanol ester, or
a mixture thereof, compared to seeds of an otherwise identical plant, the genome of
which does not comprise said introduced DNAs;

DNAs encoding a 3-hydroxysteroid oxidase- enzyme and a tocopherol
biosynthetic enzyme, whergin said introduced DNAs are operatively linked to regulatory
signals that cause seed-specific 6r plastid-specific expression of said introduced DNAs,
and wherein seeds of said plant contain an elevated level of sitostanol, at least one
sitostanol ester, or a mixture thereof, and at least one tocopherol compound, compared
fo seeds of an otherwise identical plant, the genome of which does not comprise said
introduced DNAs;

- DNAs encoding a steroid Sa-reductase enzyme and a tocopherol biosynthetic

enzyme, wherein said introduced DNAs are operatwely linked to regulatory signals that

cause seed-spec:ﬁc or plastid-specific expression of saxd introduced DNAS, and wherein

seeds of said plant contain an elevated level of sitostanol, at least one sitostanol ester, or

a mixture thereof, and at least one tocopherol compound, compared to seeds of an

-othenwise 1dent1cal plant, the genome of which does not comprise said introduced DNAs

DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid Sa-reductase
enzyme, and a tocopherol biosynthetic enzyme, wherein said introduced DNAs are
operatively linked to regulatory signals that cause seed-specific or plastid-specific
expression of said introduced DNAs, and wheréin seeds of said plant contain an elevated

level of sitostanol. at least one sitostanol ester, or a mixture thereof. and at least one
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tocopherol compound. compared to seeds of an otherwise idemical plant, the genome of
which does not comprise said introduced DNAs;

DNA encoding a 3-hydroxy-3-methylglutaryl-CoA reductase enzyme, wherein
said introduced DNA is operatively linked to regulatory signals that cause seed-specific

or plastid-specific expression of said introduced DNA, and wherein seeds of said plant

contain an elevated level of at least one sterol, at least one phytosterol, at least one

phytosterol ester, at least one phytostanol, at least one phytostanol ester, or mixtures
thereof, compared to seeds of an otherwise identical plant, the genome of which does -
not comprise said introduced DNA;

DNAs encoding a 3-hydroxysteroid oxidase enzyme and a 3-hydroxy-3-
methylglutaryl-CoA reductase enzyme, wherein said introduced DNAs are operatively
linked to regulatory signals that cause seed-specific or plastid-specific expression of said
introduced DNAs, and wherein seeds of said plant contain an elevated level of at least
one sterol, at-least one phytosterol, at least one phytosterol ester, at least one
phytostanol, at least one phytostanol ester, or mixtures thereof, compared to seeds of an
otherwise identical plant, the genome of which does not comprise said introduced DNAs;

DNAs encoding a steroid S5a-reductase enzyme and a 3-hydroxy-3-
methylglumwl-CoA reductase enzyme, wherein said introduced DNAs are operatively
linked to regulatory signals that cause seed-specific or plastid-specific expression of said
introduced DNAs, and wherein seeds of said plant contain an elevated level of at least

one sterol, at least one phytosterol, at least one phytosterol ester, at least one phytostanol,

-at least one phytostanol ester, or mixtures thereof, compared to seeds of an otherwise

identical plant, the genome of which does not comprise said introduced DNAs;

DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid Sa-reductase
énzyme. and a. 3'-hydrox_v-.3-methylglutaxy]-CoA reductase enzyme, wherein said
introduced DNAs are operatively linked to regulatory signals that cause éeed-speci ficor
plastid-specific expression of said introduced DNAs, and wherein seéds of said plant

- contain an elevated level of at least.one sterol, at least one phytosterol, at least one -

phytosterol ester, at least one phytostanol, at least one phytostanol ester, or mixtures

thereof, compared to seeds of an otherwise identical plant, the genome of which does not

comprise said introduced DNAs:
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DNAs encoding a 3-hydroxysteroid oxidase enzyme, a 3-hydroxy-3-
methylglutaryl-CoA reductase enzyme, and a stero} methyltransferase enzyme, wherein
said introduced DNAs are operatively linked to regulatory signals that cause seed-specific
or plastid-specific expressxon of said introduced DNAs, and wherein seeds of said plant
contain an elevated level of at least one sterol, at least oﬁe phytosterol, at least one
phytosterol ester, at least one phytostanol, at least one phytostanol ester, or mixtures
thereof, as well as a reduced level of campesterol, campestanol, or both campesterol and
campestanol, compared to seeds of an otherwise identical plant, the genome of which
does not comprise said introduced DNAs;

DNAs encoding a steroid Sa-reductase enzyme. a 3-hydroxy-3-methylglutaryl-
CoA reductase enzyme, and a sterol methyltransferase enzyme, wherein said introduced
DNAs are operatively linked to regulatory signals that cause seed-specific or plastid-

specific expression of said introduced DNAs, and wherein seeds of said plant contain an

- elevated level of at least one sterol, at least one phytosterol, at least one phytosterol ester,

at least one phytostanol, at least one phytostanol ester, or mixtures thereof, as well as a
reduced level of campesterol, campestanol, or both campesterol and campestanol,
compared to seeds of an otherwise identical plant, the genome of which does not
comprise said introduced DNAs; and

DNAs encoding a 3-hydroxysteroid oxidase enzyme. a steroid Sa-reductase
enzyme, a 3—hydroxy-3‘-methylglutaryl-CoA reductase enzyme, and a sterol
methyltransferase enzyme, wherein said introduced DNAs are operatively linked to
regulatory signals that cause seed-specific or plastid-specific expression of said

introduced DNAs, and wherein seeds of said plant contain an elevated level of at least

~ one sterol, at least one phytosterol, at least one phytosterol ester, at least one phytostanol,

-at least one phytostanol ester, or mixtures thereof, as well as a reduced level of

campesterol, campestanol, or both éarnpestem] and campestanol. compared to seeds of

an othenvnse identical plant. the genome of which does not compnse said mtroduced

: DNAS

In another aspect. the presém invention provides any of the foregoing plants
wherein said genome further comprises introduced DNA encoding a sterol

acyllransferase enzyme, wherein said introduced DNAs are operatively linked to
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regulatory slgnals that cause seed-specific or plastid-specific expression Aof said
introduced DNAs, and wherein seeds of said' plant contain an elevated level of at least
one sterol (when DNA encoding a 3-hydroxy-3-methylglutaryl-CoA reductase enzyme
is introduced), at least one phytosterol. at least one phytosterol ester, at least one
phytostanol, at least one phytostanol ester, and mixtures thereof, compared to seeds of

an otherwise identical plant, the genome of which does not comprise said mtroduced

'DNAs.

In a further aspect, the present invention provides any of the foregoing plants,

wherein said genome further comprises introduced DNA encoding an S-

- adenosylmethionine-dependent y-tocopherol methyltransferase enzyme, wherein said

introduced DNAS are operatively linked to regulatory signals that cause seed-specific or
plastid-specific expression of said introduced DNAs and wherein seeds of said plant
contain an elevated level of at least one sterol (when DNA encoding a 3-hydroxyf3-‘
methylglutaryl-CoA reductase enzyme is introduced), at least one phytosterol, at least
one phytosterol ester, at least one phytostanol, at least one phytostanol ester, or mixtures -
thereof, as well as an elevated level of a-tocopherol compared to seeds of an otherwise
identical plant, the genome of which does not comﬁrise said introduced DNAs.

In anotheraspect, the present invention provides any of the foregoing plants, seed
of which contains bmssicaétanol. a brassicastanol ester, stigmastanol or a stigmastanol
ester.

In another aspect, the present invention provides a plant. the genome of which

contains at least one introduced DNA sequence encoding a peptide; polypeptide, or

- protein that affects the biosynthesis and accumulation of at least one sterol, at least one

- phytosterol, at least one phytosterol ester, at least one phytostanol, at least one

phytostanol ester. or comblnations‘thereof, wheréin said introduced DNA is operably
linked to regulatory signals that cause seed-specific or plastid-specific expression of said
introduced DNA, and wherein said plant produces seed having an elevated level of at

least one sterol at least one phytosterol, at least one phytosterol ester, at least one

- phytostanol, at least one phytostanol ester, or combinations thereof, compared to a

corresponding transgenic or non-transgenic plant that does not contain said introduced

Jrr———
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DNA. The phytostanol or phytoslanol ester can be sitostanol or at least one suostanol

“ester. Altematively, a mixture thereof can be present.

In a further aspect, the present invention provides a plant that produces seed

‘having an elevated level of a compound selected from sitosterol, at least one sitosterol

ester, sitostanol, at least one sitostanol ester, or mixtures thereof, as well as a reduced
level of a compound selected from the group consisting of campesterol, a campesterol
ester, brassicasterol, a brassicasterol ester, campestanol, a campestanol ester,

brassicastanol, a brassicastanol ester, or mixtures thereof, compared to a corresponding

transgenic or non-transgenic plant that does not contain introduced DNA encoding a

peptide, polypeptide. or protein that affects phytosterol or phytostanol biosynthesis and
accumulation in said corresponding plant. The present invention also provides a plant

that produces seed having a reduced level of a corhpound selected from the group

consisting of campesterol, a campesterol ester, brassicasterol, a brassicasterol ester,

campestanol, a campestanol ester, brassicastanol, a brassicastanol ester, or mixtures.
thereof, compared to a corresponding transgenic or non-transgenic plant that does not
contain. introduced DNA encoding a peptide, polypeptide, or protein that affects
phytosterol or phytostanol biosynthesis and accumulation in said corresponding plant.

In éhother aspect, the present invention provides the foregoing plants, wherein
said seed contains an- elevated level of a-tocopherol. Such seed can also contain a
compound selected from brassicastanol. at least one brassicastanol ester, stigmastanol,
at least one stigmastanol ester, or a mixture thereof.

In another aspect, the present invention provides the foregoing plants, wherem
said regulatory sxgnals cause seed-specific expression of said introduced DNAs, and
wherein each of said introduced DNA:s is further operatively linked to a transit peptide
coding region capable of directing transport of said enzyme encoded thereby into a
plastid. Altematively, the regulatory signals in the foregoing pfams can cause plastid-

specific expression of said introduced DNAs, and said genome can then be a plastid

genome.

In further aspects. the present invention provides seed of any of the foregoing

plants, and progeny of any of these plants as well.
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In yet a further aspect, the present invention provides a cell of any of the
foregoing plants, as well as a cell culture comprising such cells.

In another aspect, the present invention provides a method of prodiicing oil
containing sifostanol or a sitostanol ester, comprising culiun'ng the foregoing cells for a
time and under conditions conducive to the production of oil containing sitostanol or a
sitostanol ester, and recoverin g said oil containing sitostanol or sitostanol ester produced
thereby.

In another aspect, the present invention provides a method of producing sitostanol
or a sitostanol ester, comprising culturing the foregoing cells for a time and under
conditions conducive to the production of sitostanol or a sitostanol ester, and recovering
said sitostanol or sitostanol ester produced thereby.

In another aspect, the present invention provides a plant produced from any of the
foregoing seed.

In another aspect, the present invention provides a method of producing a plant
that accumulates an elevated level of a compound selected from sitosterol, at least one
sitosterol ester, sitostanol, at least one sitostanol ester, or mixtures thereof, in seed of
said plant compared to seed of a corresponding plant comprising no introduced DNA
encoding apeptide. polypeptide, or protein that affects the biosynthesis and accumulation
of a phytosterol or a phytosterol ester, or a phytostanol or a phytostanol ester. comprising
sexually crossing any of the foregoing plants with said corresponding plant. The
invention aiso encompasses plants produced by this method, seed produced by these
plants, and uniform populations of these and any of the other foregoing plants.

In another aspect, the present invention provxdes a method of producing a plant

lhat accumulates an elevated level of a compound selected from sitosterol, at least one

sitosterol ester, sitostanol, at least one sitostanol ester, or mixtures thereof, which are

apomictic as well as a seed resulting from a cross of an apomitic plant of the present.
invention with a nurse cultivar. '

In another aspect, the present invention encompasses a method of producing a
compound selected from at least one phytosterol, at least one phytosterol ester, at least

one phytostanol, at least one phytostanol ester, or mixtures thereof. in a seed, comprising
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obtaining a transformed plant that produces said seed, wherein said plant has and

- expresses in its genome DNA selected from the group consisting of:

DNA encoding a 3-hydroxysteroid oxidase enzyme, wherein said DNA is
operatively linked to regulatof_v signals that cause seed-specific or plastid-specific
eﬁ(pression of said DNA;

DNA encdding a steroid Sa-reductase enzyme, wherein DNA is operatively
linked to regulatory signals that cause seed-specific or plastid-specific expression of said
DNA;

DNAs encoding a 3-hydroxysteroid oxidase enzyme and a steroid Sa-reductase

“enzyme, wherein said DNAs are operatively linked to regulatory signals that cause seed-

specific or plastid-specific expression of said DNAs;

DNAs encoding a 3-hydroxysteroid oxidase enzyme and a tocopherol
biosynthetic enzyme, wherein said DNAs are dperatively linked to regulatory signals that
cause seed—speciﬁc_ or plastid-specific expression of said DNAs;

DNAs encoding a steroid Sa-reductase enzyme and a tocopherol biosynthetic

enzyme, wherein said DNAs are operatively linked to regulatory si gnals that cause seed-

specific or plastid-specific expression of said DNAs;

DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid So-reductase
enzyme, and a tocopherol biosymhetic enzyme, wherein said DNAs are operatively
linked to regulatory signals that cause seed-specific or plastid-specific expression of said
DNAs; .
DNA encoding a 3-hydroxv-3-melhylglutérvl' CoA reductase enzyme, wherein -
said DNA is operatively linked to regulatory signals that cause seed-specxﬁc or plastid-
specxﬁc expression of said DNA 4

DNAs encoding a 3-hydroxysteroid oxidase enzyme and a 3-hydroxy-3-
methylglutaryl-CoA reductase enzyme, wherein said DNAs ére operatively lihked to

~ regulatory signals that cause seed-specific or plastid-specific expression of said'DNAs;

DNAs encoding " a steroid ~Sa-reductase enzj/me and a 3-hydroxy-3-
methylglutarvl-CoA reductase enzyme, wherein said DNAs are operatively linked to
regulatory signals that cause seed-specific or. plastid-specific expression of said DNAs;

K

e AR
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DNAs encoding a 3-hydroxysteroid oxidase énzyxne, a steroid Sa-reductase
enzyme, and a 3-hydroxy-3-methylglutaryl-CoA reductase enzyme, wherein said DNAs
are operatively linked to regulatory signals that cause seed-specific or plastid-specific
expression of said DNAs;

DNAs encoding a 3-hydroxysteroid oxid;ise enzyme, a 3-hydroxy-3-
methylglutaryl-CoA reductase enzyme, and a sterol methyltransferase enzyme, wherein
said DNAs are operatively linked to regulatory signals that cause seed-specific or plastid-
specific expression of said DNAs;

DNAs encoding a steroid Sa-reductase enzyme, a 3-hydroxy-3-methylglutaryl-
CoA reductase enzyme, and a sterol methyltransferase enzyme, wherein said DNAs are
operatively linked to regulatory signals that cause seed-specific or plastid-specific
expression of said DNAs; and

DNAs. encoding a 3-hydroxysteroid oxidase enzyme, a steroid Se-reductase
enzyme, a 3-hydroxy-3-methylglutaryl-CoA reductase enzyme, and a sterol

‘methyltransferase enzyme, wherein said DNAs are operatively linked to regulatory

signals that cause seed-specific or plastid-specific expression of said DNAs; and
- recovering said at least one phytosterol, at least one phytosterol ester, at least one
phytostanol, at least one phytostanol ester, or mixtures thereof. In a preferred
embodiment, sitostanol, a sitostanol ester. or a mixture thereof is recovered.
Such plants can further contain and express in their genome DNA encoding a
sterol acyltransferase enzyme operatively linked to regulatory signals that cause seed-
_speciﬁc. or plastid-specific expression of said acyltransferase enzyme-encoding DNA.

Furthermore, these and the foregoing plants can also contain and express in their genome

DNA encoding an S-adenoS)}lmethioning-depend‘ent Y-tocopherol methyltransferase

enzyme operatively linked to regulatory signals that cause seed-specific or plastid-
specific expression of said DNA methyltransfcrase enzyme-encoding DNA.

In the foregoing method, when said regulatory signals cause seed-specific
expressnon of said enzyme-encoding DNAS, each of said enzyme-encoding DNAs can
be further operatively linked to a transit peptide coding region capable of directing

ﬁanspon.of said enzyme encoded thereby into a plastid, and said genome is the nuclear



WO 00/61771 ‘ : PCT/US00/09696

10

15

20

25

30

17
genome, When said regulatory signals cause plastid-specific expression of said enzyme-
encoding DNAs, said genome is a plastid genome.

Inanother aspect, the present invention provides amethod of producing sitostanol
orat least one sitostanol fatty acid ester, comprising growing any of the foregoing plants,
and recovering said sitostanol or sitostanol fatty acid ester produced thereby.

In a further aspect, the present invention providés a method of producing
brassicastanol, at least one brassicastanol ester, sti gmastanol, or at least one stigmastanol
ester, comprising growing any of the foregoing plants, andrecovering said brassicastanol,
at least one brassicastanol ester, stigmastanol, or at least one stigmastanol ester produced
thereby.

In another aspect, the present invention provides a part, other than a seed, of any

~ of the foregoing transgenic plants. Such parts include fruit and vegetable parts of these

plants,

In yet another aspect, the present invention provides oil containing a compound
selected from at least one sterol, at least one phytosterol, at least one phytosterol ester,
at least one phytostanol, at least one phytostanol ester, or mixtures thereof, extracted from
seed of any of the foregoing plants, or produced by any of the foregofng methods.

In another aspect, the present invention provides a sitostanol ester composition
extracted from seed of any of the foregoing plants, or produced by any of the foregoing
methods.

In yet another aspect, the present. invention provides cholesterol-lowering
compositions, comprising anyA of the foregoing oils or sitostanol ester compositions.
These composiiions can take the form of a food, a food ingredient, a food composition,’
a food additi\}e composition, a dietary supplement, or a pharmaceutical composition.

Inafurther aspect, the present irivention provides methods of lowering the plasma
concentration of low density lipoprotein cholesterol, ortreating or preventing an elevated
plasma concentration of low density lipoprotein cholesterol, comprising orally
administering to a humah or animal subject ari effective amount of any of the foregoing -
oils, sitostanol ester compositions, foods, food ingrédierits, food compositions, food

additive compositions, dietary supplements, or pharmaceutical compositions.
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In another aspect. the present invention provides a method of achieving effective
absorption of sitostanol into host. comprising producing at least one sitostanol ester by
any of the methods described herein. and administering said at least one sitostanol ester
to said host.
In a further aspect, the present invention provides a method of making a food
additive composition. comprising obtaining oil containing a phytostanol compound

selected from sitostanol, at least one sitostanol ester, or mixtures thereof from seed of a

transgenic plant according the present invention, and mixing said oil with an edible

solubilizing agent. an effective amount of an antioxidant, and an effective amount of a

dispersant. Altematively, the food additive composition can be made by a method

_comprising obtaining oil containing at least one tocopherol, and a phytostanol compound

selected from sitostanol, at least one sitostanol ester, or mixtures thereof, from seed of
a transgenic plant according to the present. invention and mixing said oil with an edible
solubilizing agent and an effective amount of a dlspersant Food additive compositions

prepared according to these methods are also provided, as are composmons such as food

‘ compositions, comprising said food additive compositions.

In another aspect, the present invention provides the novel sterol bréésicastanol,
as well as novel brassicastanol esters. _

Inanother aspect. the present invention provides the novel sterol sti gmastanol, as
well as novel stigmastanol esters. |

In yet another aspect, the present invention provides an lsolated DNA molecule,
havmg a nucleonde sequence selected from

(a) - SEQ 1D NO: 2, SEQ ID NO: 4, or the complement of either of these

" nucleotide sequences respectively;

(b) a nucleotide sequence that hybridizes to saxd nucleotide sequence of (a)
undera wash stringency equivalent to 0.5X SSC to 2X SSC,0.1% SDS, at 55-65°C, and
which encodes apolypeptide having steroid Sa-reductase'enzymatlc activity substantially
similar to that of Arabidopsis thaliana or Zea mays steroid Sa-reductase, respecﬁvely;

(©)  a nucleotide sequence encoding the same genetic information-as said

- nucleotide sequence of (), but which is degenerate in accordance with the degeneracy

of the genetic code: or
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) a nucleotide sequence encoding the same genetic information as said
' nucleotide sequencc of (b), but which is degenerate in accordance wnh the dezeneracyv
of the genetic code.
In another aspect, the present invention provides an isolated DNA molecule that
"3 encodes a steroid Se-reductase enzyme or fragment thereof, comprising a nucleic acid
. sequence selected from: A
(a) the nucleotide sequences shown in SEQ ID:6, SEQ ID NO: 8, or ihe
complement of any of these nucleotide scquences; respectively;
(b) a nucleotide sequence that hybridizes to said nucleotide sequence of (a)
10 undera wash stringency equivalent to 0.5X SSCt02X SSC,0.1% SDS, at 55-65°C, and
whichencodes a poiypeptidc having steroid Set-reductase enzymatic activity substantially
similar to that of Glycine max steroid Sa-reductase; '
(c) a nucleotide sequence encoding the same genetic information as said
nucleotide sequence of (a), but which is degenerate in accordance with the degeneracy
15 of the genetic code; and
A (d) a nucleotide sequence encoding the same genetic information as said
nucleotide sequence of (b), but which is degenerate in accordance with the degeneracy
of the genetic code.
In yet a further aspect. the present invention provides a recombinant construct,
20 comprising as operably linked components in the 3' to 3' direction. a seed-specific
prdmoter or apromoter functional in a plant plastid, any of said isolated DNA molecules
~described immediately above encodmg a polypepnde havmo steroid 5(! reductase
enzymatic activity, or fragmem thereof. and a transcription términation signal sequence.
In another aspect. the present invention prowdes an isolated DNA molecule that
25  encodes geranylgeranylpyrophosphate hydrozenase ora fragment lhereof comprising a
| nucleic acid sequence selected from: '
(a) - the nucleotide sequences shown in SEQ ID NO:29. or the c'ompiement
 thereof; - ' ‘
(b) a nucleolide sequence that hybridizes 10 said nucleotide sequence of (a)

30" underawash stringency equivalent to 0.5X SSC 102X SSC, 0.1%SDS, at 55-65°C, and
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which encodes a polypeptide having énzymatic activity substantially similar to that of
geranylgeranylpyrophosphate hydrogenase in maize;

(c) . a nucleotide sequence encoding the same genetic information as said
nucleotide sequence of (a), but which is degenerate in accordance with the degeneracy
of the genetic code; and |

(d)- a nucleotide sequence encoding the same genetic information as said

nucleotide sequence of (b), but which is degenerate in accordance with the degeneracy

. of the genetic code.

In yet a further aspect, the present invention provides a recombinant construct,
comprising as operably linked components in the 5' to 3' direction, a seed-specific
promoter or a prdmoter functional in a plant plastid, any of said isolated DNA molecule
described immediately above encoding a polypeptide having
geranylgeranylpyrophosphate hydrogenase enzymatic activity, or a fragment th’eredf,
and a transcription termination signal sequence. _

In another aspect, the present invention provides recombinant vectors comprising
said recombinant constructs comprising said isolated DNA moleculeé encoding
polypeptides, or fragments thereof, having steroid 5c-reductase or
geranylgeranvlpyrophosphate 'hydrogenasc enzymatic activity.

In another aspect, the pfcsent invention provides transformed host cells
comprising any of the foregoing recombinanf constructs or vectors comprising said
isolated DNA molecules encoding polypeptides, or fragments thereof, having steroid Sa.-
reductase or geranylgeranylpyrophosphate hydrogenase enzymatic activity.

In yet another aspect, the present invention provides a method of producing a
steroid Sa-reductase, comprising culturing any of said transformed host cells immediately A
above for a time and under conditions conducive to the production of said stéroid S5a-
reductase, or enzymatically active fragmem thereof, and recovering said steroid 5a-
reductase or enzymatically active fragment thereof produced thereby.

Further scope of the appli;ability of the present invention will become appareni

- from the detailed description and drawings provided below. However, it should be

understood that the following detailed description and examples, while indicating

preferred embodiments of the invention. are given by way of illustration only since
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various changes and modifications within the spirit and scope of the invention will

become apparent to those skilled in the art from this detailed description.

Brief Descrigti_on of the Drawings

~ The above and other objects, features, and advantages of the present invention
will be better understood from the following detailed descn’ption taken in conjunction
with the accompanying drawings, all of which are given by way of illustration only, and
are not limitative of the present invention, in which:

Figures 1-11 are maps showing the structures of plasmids pMON30423,

- pMON29141, pMON43007, pCGNS139, pMON43011, pMON29920, pMON43800,
- PMON23616, pMON43818, pMON43039 and pMON43008, respectively.

Descriptions of these plasmids and explanations of the abbreviations used in the

plasmid maps are as follows:

Figure 1: pMON30423

Recombinant shuttle vector carrying the Streptomyces A19249 3-hydroxysteroid

oxidase gene (“cholesterol oxidase gene™) disclosed in U.S. patent 5,518,908 driven by

~ theenhanced 35S promoter. Ori-M13: M13 bacteriophage origin of replication; P-e35S:

-enhanced promoter for 35S RNA from cauliflower mosaic virus; HSP70 intron: intron

from heat shock protein 70; P-MaizeSSU: maize RUBISCO small subunit chloroplast
target peptide; chox: cholesterol oxidase gene from Streptomyces hvgroscopicus A19249;
NOS 3°: 3* termination end of nopaline synthase coding region; ori-pUC: plasmid origin
of replication in E.coli; AMP: promoter and coding sequehce for beta-lactamase protein
to confer resistance to ampicillin; peﬁicillin, and carbenicillin.

Figure 2: pMON29141

Recombinant shuttle vector carrying Svnechocystis chip gene driven by the

: népinB promoter. Ori-M13: M13 bacteriophage origin of feplication; p-napB: promoter

region of napin B gene of Brassica campestris; PEA SSU.CTP. SOY SSU: RUBISCO

small subunit chléroplast transit peptide from pea fused with the N-terminus of mature
* soy small subunit; chip: Svnechocystis sp. PCC6803 chip gene (X97972); NOS 3*: 3°

termination end of nopaiine synthase coding region; ori-pUC: plasmid origin of '
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replication in E.coli; AMP: promoter and coding sequence for beta-lactamase protem to

confer resistance to ampicillin, penicillin, and carbenicillin.

Figure 3: pMON43007

Recombinant shuttle vector carrying the Streptomyces hvgroscopicus Al9249
cholesterol oxidase gene driven by the napinB promoter. Orni-M13: M13 bacteriophage
origin of replication; p-napB: promoter region of napin B gene of Brassica campestris;
PEA SSU CTP, SOY SSU: RUBISCO small subunit chloroplast transit peptide from pea

- fused with the N-terminus of mature soy small subunit; chox: cholesterol oxidase gene

from Streptomyces hygroscopicus A19249; NOS 3°: 3’ termination end of nopaliﬁe
synthase coding region; ori-pUC: plasmid origin of replication inE. coli; AMP: promoter
and coding sequence for beta-lactamase protein to confer resistance to ampicillin,
penicillin, and carbeniciilin.

Figure 4: pCGN5139

Binary vector for Agrobacterium-mediated canola transformation containing the
kanamycin resistance gene from the pfokaryotic transposon Tn$ driven by 35S promoter
from cauliflower mosaic virus. TnS: transposon TnS; 35S: promoter for 35S RNA from
cauliflower mosaic virus; Tn5 kan: kanamycin resistance gene from transposon TnS;
Tml 3": 3' termination end of the T-DNA locus “tumor morphology large™; LB fragment:
Agrobacterium T-DNA left border sequence; ori pRi: Agrobacterium ori gin of

replication.
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Figure 5: pMON43011
Recombinant binary vector for 4grobacterium-mediated canola transformation,
carrying the Streptomyces hvgroscopicus A19249 cholesterol oxidase genecassette. The
cholesterol oxidase gene>is driven by napin B promoter, and the protein is targeted to the
chloroplast using the pea SSU CTP, SOY SSU. p-napB: promoter region of napin B
gene of Brassica campestris; PEA SSU CTP, SOY SSU: RUBISCO small subunit

chloroplast transit peptide from pea fused with the N-terminus of the mature soy small

subunit; chox: cholesterol oxidase gene from Streptomyces hvgroscopicus A 19249; NOS

33 termination end of nopaline synthase coding region; LB nick site: site at whlch the

4grobactermm left border sequence is cut in planta fori msemon of T-DNA into the plant
genome; remaining abbreviations as for pCGNS5139 (Flgure 4).

Figure 6: pMON29920

P-7S/E9 3’ cassette and the KAN gene flanked by two borders in a binary
transformation vector where P-7S is the promoter of alpha’ beta conglycinin protein from
soybean, E9 3’ is the 3° end of pea rbc E9 gene and KAN is the coding sequence for
NPTII that confers resistance to kanamycin. The NPTII gene is driven by the 35S

promoter from cauliflower mosaic virus. Spc.Str is the coding region for Tn7

adenylyltransferase conferring resistance to spectinomycin and streptomycin; ori-V: the

vegetative origin of replication; rop: coding region for repressor of primer; ori-322:
minimum knoﬁm sequence required for a functional origin of replication; NOS 3’: the 3'
termination end of nopaline synthase coding region.

Figure 7: pMON43800

Recombinant binary vector for Agrobacterium-mediated transformation, carrying
the rubber HMGRI gene cassette. The HMGR1 gene is driven by the 7S alpha’ beta

conglycinin promoter from sbybéan. P-78: 7S promoter; rubber HMGR1 gene: coding -

sequence for 3-hydroxy-3-niethylglutaryl reductase from Hevea brasiliensis; E9 3*: 3
end of pea rbcS E9 gene; P-35S: 35S pfomoter from cauiiﬂower mosaic virus; KAN:
coding region for NPTII gexié,confen-ing resistance kanamycin; NOS 3°: 3’ termination
end of nopaline synthase coding region; Left Border: Octapine left border from Oétapine

Ti plasmid pTiA6; ori-V: the vegetative origin of replication; rop: coding region for

s "”ﬁ.@

B g
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repressor of primer; Spc/Str: coding .region for Tn7 adenylyltransferase conferring
resistance to spectinomycin and streptomycin.

Figure 8: pMON23616

Plant expression plasmid containing P-NOS/ORF-7/KAN/NOS 3’ P-NOS: NOS
promoter from Agrobacterium tumefaciens pTiT37; ORF-7: a short open reading frame
that attenuates expression of KAN in plants: KAN: coding sequence of NPTI] gene that
confers resistance to kanamycin and neomycin; ble: confers resistance to bleomycin;
NOS 3°: 3’ termination end of nopaline synthase éoding region; Left Border: Octapine

left border from Octapine Ti plasmid pTiA6: ori-V: the vegetative origin.of replication;

rop: coding region for repressor of primer; Spc/Str: coding region for Tn7

adenylyltransferase conferring resistance to spectinomycin and streptomycin.
Figure 9: pMON43818 , '
Recombinant binary vector for Agrobacterium-mediated transformation, carrying
the rubber HMGR1 gene cassette. The HMGR1 gene is driven by the 7S alpha’ beta

- conglycinin promoter from soybean. P-7S: 7S promoter; rubber HMGR1 gene: coding

sequence for 3-hydroxy-3-methylglutaryl reductase from Hevea brasiliensis; E9 3°: 3’
end of pea rbcS E9 gene; P-NOS: NOS promoter from Agrobacterium tumefaciens
PTiT37; KAN: coding region for NPTII gene conferring resistance kanamycin; NOS 3
3 termination end of nopaline synthase coding region; Left Border: Octapine left border
from Octapine Ti plasmid pTiA6; ori-V: the vegetative origin of replication; rop: codmg
region for repressor of primer; Spc/Str: coding region for Tn7 adenylyltransferase

confemng resistance to spectinomycin and streptomycm

Flgure 10: pMON43039

'Recombinant binary vector for Agrobactenum-medxated transformation, carrying:
the rubber HMGR1 and ‘Arabidopsis SMT 2 genes cassette. The HMGRI1 and SMT?2

genes are driven by the 7S alpha’ beta conglycinin promoter from soybean. Arabidopsis

SMT2: cDNA coding for the C-24 sterol methyltransferase 2 enzyme from Arabidopsis
" thaliana; P-7S: 7S promoter; rubber HMGRI1 gene: coding sequence for 3-hydroxy-3-

methvlglutarvl reductase from Hevea brasiliensis; E9 3”: 3’ end of pea rch E9 gene; P-
NOS: NOS promoter from Agrobacterium tumefaciens pTiT37; KAN: coding region for

NPT gene conferring resistance kanamycin; NOS 3°: 3’ termination end of nopaline
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synthase coding region; Left Border: Octapine left border from Octapine Ti plasmid
PTiAG; ori-V: the vegetative origin of replication; rop: coding region for repressér of
primer; Spc/Str: coding region for Tn7 adenylyltransferase conferring resxstance to
spectmomycm and streptomycin.

Figure 11: pMON43008

Recombinant binary vector for Agrobaéterium-mediated transformation, carrying

the Streptomyces hygroscopicus A19249 cholesterol oxidase gene cassette. The

- cholesterol oxidase gene is driven by the 7S alpha’ beta conglycinin promoter from
- soybean. P-7S: 7S promoter; chox: cholesterol oxidase gene from Streptomyces
» hygroscopxcus A19249; E9 3°: 3’ end of pea rbcS E9 gene; P-35S: 35S promoter from

cauliflower mosaic virus; KAN: coding region for NPTII gene conferring resistance
kanamycin; NOS 3': 3” termination end of nopaline synthase coding region; Left Border:
Octapine left border from Octapine Ti plasmid pTiA6; ori-V: the végetative ongin of
replication; rop: coding region for repressor of éﬁmer; Spc/Str: coding region for Tn7
adenylyltransferase conferring resistance to spectinomycin and streptomycin.
Conventional methods of gene isolation, molecular cloning, vector construction,
etc., are well known in the art and are summarized, for example, in Sambrook_et al.

(1989) Molecular Cloning, A Laboratory Manual, Second Edition, Cold Spring Harbor

-Laboratory Press, and Ausubel et al. (1989) Current Protocols in Molecular Biology,

John Wiley & Sons, Inc. One skilled in the art can readily reproduce the plasmid vectors

described above, or similar plasmids, without undue experimentation employing these

- methods in conjunction with the cloning information provided by the figures attached

‘hereto. The various DNA sequences, fragmems linkers, etc., necessary for this purpose -

can be readlly obtained as componems of commercially avaxlable plasmids, or are

- ‘otherwise well known in the art and publicly available.

Figure 12 shows the phytosterol and phytostanol composition of seeds of

transgenic Brassica napus (rapeseed; canola), produced as described in Example 10,

expressing the Strepromvces A19249 3-hydroxysteroid oxidase gene disclosed in U.S.

-patent 5,518,908, including the presence of the novel phytostanol brassicastanol. 1 isthe

non-transgenic control; 2-27 are independent lransgemc events (plants) from which 10

R1 seeds per plant were analyzed for sterol composition. Sitosta.: sitostanol; Sito.:
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sitosterol; Campesta.: campestanol; Campe.: campesterol; Brassicast.: brassicastanol;

Brassica.: brassicasterol.

Detailed Description of the Invention

The following detailed desc.ription is provided to aid those skilled in the art in
practicing the present invention. Even so, this detailed description should not be
construed to unduly limit the present invention as modifications and variations in the
embodiments discussed herein can be made by those of ordinary skill iﬁ the art without
departing from the spirit or scope of the present inventive discovery.

The contents of each of the references cited herein are herein incorporated by
reference in their entirety.

As used herein, the term "structural coding sequence” means a DNA sequence
which encodes for a peptide, polypeptide, or protein- which may be made by a cell
following transcription of the DNA to mRNA, followed by translation to the desired
peptide, polypepﬁde, or protein.

The term “'sterol” as applied to plants refers to any chiral tetracyclic isopentenoid
which may be formed by cyclization of squalene oxide through the transition state
possessing stereochemistry similar to the trans-syn-trans-anti-trans-anti configuration,
i.e., protosteroid cation, and which retains a polar group at C-3 (hydroxyl or ketq), an
all-trans-anti stereochemistry in the ring system, and a side-chain . 20R-configuration
(Parker et al. (1992) In Nes et al., Eds., Regulation of Isopentenoid Metabolism, ACS
Symposium Series No. 497, p. l_lO; American Chemical Society, Washington, D.C.).

- The numbering of the carbon atoms of a representative sterol (cholesterol) is shown in

the following structure: :
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Cholesterol

Sterols may or may not contain a C-5 - C-6 double bond, as this is a feature

. introduced late in the biosynthetic pathway (note Scheme 1, below). Sterols contain a

Cs-C,, side chain at the C-17 position, as shown above. -

The term “phytosterol,” which applies to sterols found uniquely in plants, refers
to a sterol containing a C-$5, and in some cases a C-22, double bond. Phytosterols are
further characterized by alkylation of the C-17 éide-chain with a2 methyl or ethyl
substituent at the C-24 position. Major phytosterols include, but are not limited to,

sitosterol, stigmasterol. campesterol, brassicasterol. etc. Cholesterol, which lacks a C-

* 24 methyl or ethyl side chain, is found in plants but is not unique thereto, and is not a

15

“phytosterol.™

- “Phytostanols”are saturated forms of phytosterols wherein the C-5 and, when

>pr,esen't, C-22 double bond(s) is(are) reduced, and include, but are not limited to,

sitostanol, campestanol, and 22-dihydrobrassicastanol.

3 “Phytoster'ol esters” and “phytostanol esters™ are further charécterized by the

B -presénce of a fatty acid or phenolic acid moiety rither than a hydroxyl' group at the C-3

20

position.

The term “sterol compounds™ includes sterols, phytosterols, phytosterol esters,

phytostanols. and phytostanol esters.

“Theterm “phytosterol compound” refers to at least one phytosterol, at least one

phytosterol ester, or a mixture thereof.
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The term “phytostanol compound” refers to at least one phytostanol, at least one
phytostanol ester, or a mixture thereof.

The foregoing definitions are commonly found in the literature, and those of |
ordinary skill in the art understand that biosynthetic prec‘ursors and intermediates can
have other unique structural features associated with them. '

The term “constitutive promoter” refers to a promoter that operates continuously

in a cell. and which is not subject to quantitative regulation. The gene with which such

-a promoter is associated is always “turned on.”

_ The terms *'seed-specific,” “fruit-specific,” “plastid-specific,” etc., as they apply
to promoters refer to preferential or exclusive activity of these promoters in these organs

or organelles, respectively. ‘“Preferential expression™ refers to promoter activity

-substantially greater in the indicated organs or organelles than elsewhere in the plant.

“Substarmally greater”” comprehends expression that occurs exclusively in the mdlcated

organ or organelle, or that occurs in other tissues, organs, or organelles, but that is

- significantly greater in the specifically recited organ or organelle. “Seed-specific”

comprehends expression in the aleurone layer, endosperm, and/or embryo of the seed,
For the production of seed having an increase in sitostanol biosynthesis,
transformation of a plant with a 3-hydroxysteroid oxidase gene is sufficient. Levels of

sitostanol and sitostanol esters can be elevated further by introducing a steroid

‘Soa-reductase gene. Transgenic plants in which both sitostanol and tocopherol

biosynthesis are enhanced can be produced by transforming a plant with a 3-

_ hydroxvsteroid oxidase gene-and, optionally, a steroid 5a-reductase gene, along with at

least one tocopherol biosynthesis gene. Other enzyme-encodmg DNAscanbe mtroduced

into plants to elevate even further the levels of desirable phytostanols, phytostanol esters,

‘and tocopherols.

Thus, the DNA sequences contemplated for use in the present invention, which

_can be used alone or in various combinations as discussed below, include, but are not

'lit'nit_ed to, those encoding the following enzymes: 3-hydroxysteroid oxidases; steroid 5a-
reductases; 3-hydroxy-3-methylglutaryl-CoA reductases (HMG Co-A reductases); sterol
methyltransférases; sterol acyliransferases; and S-adenosylmethionine-dependent y-toco-

pherol methyltransferases. In each case. the sequences encoding these enzymes can

s
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comprise an expression cassette comprising, operably linked in the §' to 3'direction, a
seed-specific promoter or a promoter functional in a plant plastid, the enzyme coding

sequence, and a transcriptional termination signal sequence functional in a plant cell such

that the enzyme is successfully expressed. When the promoter is a seed-specific

promoter, the expression cassette or recombinant construct can further comprise an
operably linked transit peptide coding region capable of directing transport of the
enzyme into a plastid. When the promoter is one that is functional in a plant plastid, the
expression cassette or recombinant construct can further comprise a gene encoding a

selectable marker for selection of plant cells comprising a plastid expressing the marker,

~and DNA regions of homology to the genome of the plastid, wherein the regions of -

homology flank the promoter, the enzyme coding sequence, the transcription termination
signal sequence, and the gene encoding the selectable marker. In addition, the
recombinant construct or expression cassette can further comprise a ribosome binding
site joined to the plastid promoter. The ribosome binding site can be obtained from a
leader sequence derived from a plastid, bacterial, or bacteriophage leader sequence, for
example the binding site of the gene 10 leader or the rbcLRBS site.

Foruse in the methods disclosed herein, the recombinant constructs or expression
cassettes can be incorporated in a vector, for example a plant expression vector. Such
vectors can be transformed into host cells such as bacterial cells, for example during the
preparation or modification of the recombinant constructs. and plant cells. Thus, the
invention encompasses plants and seeds comprising such transformed plant cells.

In order to obtain seed producing oil containing elevated levels of phytostanols
and phytostanol esters such as sitostanol and sitostanol esters, and tocopherols such as

a-tocopherol, these recombinant constructs or éxpression cassettes can be introduced

. into plant cells by any number of conventional means known in the art and regenerated

into fertile transgenic plants. The genome of such plants can then comprise introduced

~ . DNA encoding various enzymes, alone or in combination, that achieves the desirable

effect of enhancing the levels of phytostanols, phytostanol esters. mixtures thereof, and
tocopherols in the oil of seed thereof. Preferably, the genome can comprise introduced

DNA éncoding an enzyme selected from the following:
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. a 3-hydroxysteroid oxidase enzyme;

. a steroid Sa-reductase enzyme;

. a 3-hydroxysteroid oxidase enzyme and a.steroid S«-reductase enzyme;

. a 3-hydroxystéroid oxidase enzyme and a tocopherol biosynthetic enzyme;

. asteroid Sa-reductase enzyme and a tocopherol biosynthetic enzyme;

N N bW N e

.a 3-hydroxystéroid oxidase enzyme, a steroid Sa-reductase enzyme, and a
tocopherol biosynthetic enzyme;

7. a 3-hydroxy-3-methylglutaryl-CoA reductase enzyme;

8. a 3-hydroxysteroid oxidase enzyme and a 3-hydroxy-3-methylglutaryl-CoA
reductase enzyme;

9. a steroid Sa-reductase enzyme and a 3-hydroxy-3-methylglutaryl-CoA
reductase enzyme;

10. a 3-hydroxysteroid oxldase enzyme, a steroid Sa-reductase enzyme; and-a
3-h);droxy-3-methylglutaryl-CoA reductase enzyme;

11. a 3-hydroxysteroid oxidase enzyme, a 3-hydr6xy-3-methylglutaryl-CoA
reductase enzyme, and a sterol methyltransferase enzyme;

12. asteroid Sa-reductase enzyme, a 3-hydroxy-3-methylglutaryl-CoA reductase
enzyme, and a sterol methyltransferase enzyme; and

13. a 3-hydroxysteroid oxidase enzyme, a steroid 5a-reductase enzyme, a 3-
hydroxy-3-methylglutaryl-CoA reductase enzyme, and a sterol methyltransferase |
enzyme.

By further introducing into the genome of such plants DNA enCoding a sterol
acyltransferase, the level(s) of phytosterol and/or phytostanol es_teré can be increased.
Further introducing into the genome of such plants DNA encodihg an S-adenosyl-
methionine-dependent y-tocopherol methylu*ansferase will elevate the level of a-toco-
pherol in oil of seed thereof. '

In each case, the foregoing mtroduced DNAs can be operatively lmked to
regulatory signals that cause seed-specific or plastid-specific expression thereof. When
the regulatory signals cause seed-specific expression, each of the introduced DNAs can
be operatively linked to a transit peptide coding regioﬁ capable of directing transport of
the enzyme encoded thereby into a plastid. '
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The present invention encompasses not only such transgenic plants, but also
transformed plant cells, including cells and seed of such plants, as well as progeny of
such plants. for example produced from the seed. |

Transformed plant cells and cells of the transgenic plants encompassed herein can
be grown in culture for a time and under appropnate conditions to produce oil comammg
elevated levels of phytosterols and/or phytostanols, thelr corresponding esters, and
tocopherols Altematively, the phytosterols, phytostanols, their corresponding esters,
and/or tocopherols can be isolated directly from the cultures.

In addition, of course, seed obtained from the transgenic, progeny, hybrid, etc.,
plants disclosed herein can be used in methods for obtaining oil containing phytosterols,
phytosterol esters, phytostanols, phytostanol esters, or mixtures thereof employing
extraction and processing procedures known in the art. Note, in this regard, Kochhar
(1983) Prog. Lipid Res. 22: 161-188.

The present invention also encompasses a method of producing a plant that
accumulates an elevated level of sitosterol, at least one sitosterol ester, sitostanol, at least
one sitostanol ester, or mixtures thereof in seeds thereof compared to seeds of a
correspondmg plant comprising no introduced DNA encoding a polypeptide or protem
that affects the biosynthesis of sterols, phytosterols, phytosterol esters, phytostanols,

phytostanol esters, or combinations thereof, comprising sexually crossing a transgenic

plant of the present invention with such a corresponding plant. The latter can be a non-
transgenic plant, or a transgenic plant containing introduced DNA encoding a trait other
than one-affecting sterol, phytosterol, etc., biosynthesis. For example, such trait may be
insect or herbxcnde resistance. Plants produced by this method also form part of the
present invention.

Also included are plants that accumulate an elevated level of sitosterol, at least

-one sitosterol ester, sitostanol, at least one sitostanol ester, or mixtures thereof, in seeds

thereof compared to seeds of a corrésponding piant comprising no introduced DNA .‘
encoding a polypeptide or protein.that affects the biosynthesis of sterols, phytosterols.
phytosterol esters, phytostanols, phytostanol esters. or combinations thereof, which are .
apomictic. Apomlxns i1s a genetically controlled method of reproduction in plants where

the embryo is formed without union of an egg and a sperm. There are three basic types
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of apomictic reproduction: 1) apospory where .the embryo develops from a

chromosomally unreduced egg in an embryo sac derived from the nucellus, 2) diplospory

where the embryo develops from an unreduced egg in an embryo sac derived from the

-megaspore mother cell. and 3) adventitious embryony where the embryo develops

directly from a somatic cell. In most forms of apomixis, psuedogamy or fertilization of
the polar nuclei to produce endosperm is necessary for seed viability. In apospory, a
“nurse” cultivar can be used as a pollen source for endosperm formation in seeds. The
nurse cultivar does not affect the genetics of the aposporous apomictic cultivar since the
unreduced egg of the cultivar develops parthenogenetically, but makes possible

endosperm production. Apomixis is economically important, especially in transgenic

‘plants, because it causes any genotype, no matter how heterozygous, to breed true. Thus,

with apomictic reproduction, heterozygous transgenic plants can maintain their genetic
fidelity throughout repeated life cycles.. Methods for the production of apomictic plants
are known in the art. See, U.S. Patent No. 5,811,636 and references cited therein which
are herein incorporated by. reference.
The present invention also encompésses unifonn populations of any of the plants
discussed herein. _ |
Besides seed, elevated levels of sterols, phytosterols, such as sitosterol,

phytostanols, such as sitostanol, esters thereof, and tocopherols, such as a-tocopherol,

can be found in other parts of the plants encompassed herein. While the seed-specific

promoters contemplated in the present invention function preferentially in seed tissues,
expression in other plant parts can be expected, depending upon the specificity of the
particular promoter. Furthermore, promoters functional in plant plastids can be expected

todrive expression of the recombinant constructs or expression cassettes disclosed herein

in plastids present in tissues and organs other than seeds, For example, elevated levels

- of sterols, phytosterols; etc., can be expécted in fruits, as well as vegetable parts of plants

other than seeds. Vegetable parts of plants include, for example, pollen, inflorescences,

terminal buds, lateral buds, stems, leaves, tubers, and roots. Thus, the present invention

also encompass.es these and other parts of the plants disclosed herein that contain

elevated levels of desirable phytosterol, phytostanol, etc., and tocopherol compounds.

Of course. a significant effect of introducing into plants the coding sequences
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disclosed herein will be on the content of phytdsterols/phyto‘stanbls and their esters of
seed oil. Therefore, additional aspects of the present invention include oil obtainable
from the seed of the plants described herein, and methods for producing such plants and
oil. Methods for extracting and processing seed oils are well known in the art.

Oils produced by the cells, plants, and methods disclosed herein are superior in

. phytosterol/phytostanol composition to conventional oils in a variety of ways. Oil of the

present invention can contain an elevated level of at least one sierol, at least one
phytosterol, at least one phytosterol ester, at least one phytostanol, at least one
phytostanol ester, or mixtures thereof. Preferred compounds include sitosterol,
sitostanol, and their esters. Surprisingly, oils of the present invention have also been
found to contain the novel compound brassicastanol. Prior to the prcsent invention, no
method was known for producing this phytostanol. Oil of appropriately engineered
plants, i.e., those transformed with one or more DNAs encoding tocopherol biosynthetic
enzymes, also contains elevated levels of at least one tocopherol compound, for example
a-tocopherol.

Oils of the present invention comprise sitostanol, at least one sitostanol ester, or
mixtures thereof in an amouht of at least about 57% by weighi of the total sterol
compounds in the oils, preferably about 57% to about 90% by weight of the total sterol
compounds, more preferably about 57% to about 65% by weight of the total sterol
compounds. Expressed on a percent dry weight basis of the seed, oils of the present
invention comprise sitostanol, at least one sitostanol ester, or mixtures thereof in an
amount of at least about 0.08% of the dry weight of the seed, preferably about 0.08% to
about 0.8% of the dry weight of the seed, and more preferably about 0.08% to about 0.4%

“ofthe dry weight of the seed. Such oils can further comprise a tocopherol compound for

-example a-tocopherol, in an amount of at least about 0.02% of the dry weight of the seed,

preferably about 0.02% to about 0.2% of the dry weight of the seed. and more preferably -

. about 0.02% to about 0.025% of the dry weight of the seed. Qils of the present invention

can further comprise the novel phytostanol brassicastanol, or at least one brassicastano!
ester. ' '
Oil from seed of plants containing and expressing introduced DNA encoding a

sterol methyltransferase advantageously contains areduced level of campesterol, at |east
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one campesterol ester. campestanol, at least one campestahol ester, or mixtures thereof.
The sterol methyltransferase-encoding DNA can be introduced alone, or in combination
with other introduced DNA sequences encoding enzymes affecting the biosynthesis of"
sterol compounds as discussed herein. Campesterol/campestanol and their esters are
considered to be undesirable because they are readily absorbed in the intestine, while

their safety in the blood is unknown. Employing the plants and methods disclosed

herein, one can obtain seed oil comprising about 0% to about 19%, preferably about 0%

to about 12%, more preférably about 5% to about 9% campesterol, at least one
campesterol ester, campestanol, at least one campestanol ester; or mixtures thereof by
weight of the total sterol compounds of the oil. (The levels of these compounds are

difficult to express on a percent seed dry wei ght basis because different seeds contain

+ different percentages of these compounds expressed on this basis) These values represent

areduction of about 10% to about 100% in the amount of these compounds compared to
those in conventional oils.

Introduction into plant cells of the enzyme-encoding DNA sequences discussed
above modifies the biosynthesis of sterol compounds carried out by the methods, andin
the cells, plants, and seeds, disclosed herein. In particular, the expression of a sterol
acyltransferase in conjunction with these DNA sequences is expected to result in
alteration of the phytosterol ester and phytostanol ester profiles in oil as fatty acids
having two to 22 carbon atoms in the main chain can be substrates for the enhanced sterol
acyltransferase enzymatic activity. The novel phytostanol ester compositions, e.g.,

sitostanol ester compositions, thus produced constitute another aspect of the present

'invention.

- As discussed in the “Description of Related Art,” phytostanols such as sitostanol-

are beneficial for lowering serum cholesterol (Ling et al. (1995) Life Sciences 57: 195-

'206) and preventing cardiac disease. Tocopherols act as antioxidants, and ;Slay a mafor
-role in protecting cells from damage caused by free radicals (Halliwell (1997) Nutrition

‘Review 55: 44-60). As the amount of sitostanol in conventional vegetable and bran oils

is low relative to that of other sterol compounds, the oils of the present invention are
particularly useful for reducing the concentration of low density lipoprotein cholesterol

in plasma. Furthermore. oils of the present invention, containing enhanced levels of
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* tocopherols such as a-tocopherol. in addition to phytostanols and phytostanol esters,

provide a single, convenient source of a combination of bioactive compounds having

superior bioavailability and efficacy in improving human nutrition and cardiovascular

“health.

Thus, further aspects of the present invention include the following:

Cholesterol-lowering compositions comprise the oils and sitostanol ester

.compositions disclosed herein. Such cholesterol-lowering compositions can take the

form of, or be used in, foods, food products, processed foods, food ingredients, food
additive compbsitions, or dietary supplements that contain oils and/or fats. Non-limiting
examples include margarines; butters; shortenings; cooking oils; frying oils; dressings,
such as salad dressings; spreads; mayonnaises; and vitamin/mineral supplements. Patent
documents relating to such compositions include U.S. Patents 4,588,717 and 5,244,887,
and PCT International Publication Nos. WO 96/38047, WO 97/42830, WO 98/06405,

-and WO 98/06714. Additional non-limiting exzimples include toppings; dairy products

such as cheese and processed cheese; processed meat; pastas; sauces; cereals; desserts,
including frozen and shelf-stable desserts; dips; chips; baked goods; pastries; cookies;
snack bars; confections; chocolates; beverages; unextracted seed; and unextracted seed
that has been ground, cracked, milled, rolled, eS(truded, pelleted, defatted, dehydrated, or
otherwise processed, but which still contains the oils, etc., disclosed herein.

Food additive compositions of the present invention can be made by a method

comprising obtaining oil containing a phytostanol or phytostanol ester selected from

sitostanol, at least one sitostanol ester, or mixtures thereof, from cultured cells, or seed
ofaplant, of the present invention, and evenly distributing the oil or desxred phytostanol
compound in finely divided form throughout the food product or food addmve
composmon to which it is added by dissolution or by suspension in an emulsxon For
example, the oil or phytostanol compound. can be dissolved in an edible solubilizing
agent, or can be mixed with an edible solubilizing agent, an effective amount of a
dispersant, and optionally, an effectlve amount of an antioxidant. Examples of useful
edible solubilizing agents include, but are not llmued 10, monoglycendes diglycerides,
triglycerides, vegetable oils, tocopherols, alcohols, polyols, or mixtures thereof.

Examples of useful antioxidants include. but are not limited to. tocopherols, such as o-

PR R A
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tocopherol. ascorbic acid, inexpensive synthetic antioxidants, and mixtures thereof.
Effective carriers for preparing emulsions or suspensions include water, alcohols,
polyols. other edible compounds in which the oil or phytostanol compound is soluble or
insoluble, and mixtures thereof. Examples of useful dispersants include, but are not
limited to, lecithin. other phospholipids, sodium lauryl sulfate, fatty acidé, salts of fatty

acids, fatty acid esters, other detergent-like molecules, and mixtures thereof.

Alternatively, the food additive composition- can be made by a method comprising-

obtaining oil contaiﬁing at least one tocopherol, and a phytostanol or phytostanol ester
selected from sitostanol, at least one sitostanol ester, and mixtures thereof, from cultured
cells, or seed of a plant, of the present invention, and mixing the oil with an edible
solubilizing agent and an effective amount of a dispersant. Again, the edible solubilizing
agent can include, but is not limited to, monoglycerides, diglycerides, triglycerides,
vegetable oils, tocopherols, alcohols, polyols, or mixtures thereof, and the dispersant can
include, but is not limited to, lecithin, other phospholipids, sodium lauryl sulfate, fatty
acids, salts of fatty acids, fatty acid esters, other detergent-like molecules, and mixtures
thereof.

The cholesterol-lowering compositions can also take the form of pharmaceutical
compositions comprising a cholesterol-lowering effective amount of the oils or sitostanol
ester compositions disclosed herein, along with a pharmaceutically acceptable carrier,
excipient, or diluent. These pharmaceutical compositions can be in the form of a liquid
or a solid. Liquids can be solutions or suspensions; solids can be in the form of a
powder, a granule. a pill, a tablet, a gel, or an extrudate. U.S. Patent 5,270,041 relates
to sterol-containing pharmaceutical compositions.

Any of the foregoing cholesterol- lowenng compositions can be used alone or in
combinationin methods to lower therisk of developing an elevated plasma concentrauon
of low density lipoprotein chol&sterol to lower the plasma concentration of Iow density
lipoprotein cholesterol, or to treat or prevent an elevated plasma concentration of low
dénsity lipoproxein cholesterol. Suchmethods compn'ée-oral ly administérihg 10 a human

or animal subject an effective amount of cholesterol- -lowering composmon What

constitutes an effective amount of cholmterol lowenng composition can be determined

empirically, and depends in part on 2 variety of factors. including the age, weight, sex,

A3 7.1 3
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diet, general medical condition of the subject. and the severity of hypercholesterolemia.

Subjects undergoing treatment with the cholesterol-lowering combinations disclosed

herein can be monitored by routine measurement of serum cholesterol levels to determine

the effectiveness of therapy. Continuous analysis of the data obtained in this way permits
modification of the treatment regimen during therapy so that optimal effective amounts
of the cholesterol-lowering compositions of this invention are administered, and so that
the duration of treatment can be determined as well. In this way, the treatment
regimen/dosing schedule can be rationally modified over the course of treatment so as
to achieve the lowest cholesterol;lowering effective amount of the present compositions
whichresultsin sétisfactory anti-cholesterolemic effectiveness. and so that administration
of these compositions is continued only so long as is necessary fo successfully treat this
condition. In geheral, an effective amount of a cholesterol-lowering composition of the
present invention in the form of a phytostanol- or phytostanol ester-containing
composition is in the range of from about 0.1 gm/day to about 4.5 gm/day. By way of
éxample, a phytostanol ester composition, for example a sitostanol ester composition, can
be administered in an amount in the range of from about 0.1 gm/day to about 4.5 gm/day,
preferably from about 1 gm/day to about 4.5 gm/day, more preferably from about 2
gm/day to about 4.5 gm/day. A phytostandl composition, for example a sitostanol
composition, can be administered in an amount in the range of from about 0.1 gm/day to
about 3 gfn/'day, preferably from about 1 gm/day to about 3 gm/day, more preferably
from about 2 gm/day to about 3 gm/day.

The cholesterol-lowering compositions of the present invention can be
administered daily to patients in accordance with a number of different regimens.
Fundamentally, these compositions should be administered in a cholesterol-lowering
effective amount fbr a periéd of time effective to exert their anti-hypercholesterolemic
preventing, reducing, or reversing action. Administration of the present cholesterol-
lowering compositions should be continued until the hyperéholesterolemic condition has
been controlléd oreliminated. © '

Another method encompassed by the present invention is that of achieving or
improving effective absorption of sitostanol into a host, comprising producing at least

one sitostanol ester by any of the methods disclosed herein. and administering this
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sitostanol ester to a host, which can be a human or animal. The sitostanol ester can be
administered by a route selected from oral route, parenteral route, or topical route. The
dose, which can be administered daily, can be up to about 10 milligrams of the sitostanol

ester per kilogram of body weight. U.S. Patent 5,202,045 relates to the use of stanol fatty

5 acid esters to reduce serum cholesterol.

Yetanother aspect of the present invention is the surprising discovery of the novel
compound brassicastanol, having the structure shown below, in oils obtained by the

methods disclosed herein.

10
Brassicastanol
Also included in the present invention are esters of brassicastanol wherein the
hydrogén of the hydroxyl group at C-3 of brassicastanol is replaced with a straight or
branched chain fatty acid having two to 22 carbon atoms in the main chain.
15
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Still another aspect of the invention is the surpnising discovery of the novel compound
stigmastanol, having the structure shown below, inoils obtained by the method disclosed

herein.

HO

Stigmastanol

Also included in the present invention are esters of stigmastanol wherein the
hydrogen of the hydroxyl group at C-3 of stigmastanol is replaced with a straight or
branched chain fatty acid having two to 22 carbon atoms in the main chain.

In order to facilitate the modifications to sterol biosynthesis and accumulation
described herein, the present invention also provides an isolated DNA molecule, having
a nucleotide sequence selected from:

(a) SEQ ID NO: 2, SEQ ID NO: 4. or the complement of either of these
nucleotide sequences, respectively;

(b)  anucleotide sequence that hybridizes to said nucleotide sequence of (a)

. under a wash stringency equivalent to 0.5X SSC to 2X SSC, 0.1% SDS, at 55-65°C, and

whichencodesa polypeptide having steroid 5 a~reduclas'e_enzymalic activity substantially
similar to that of Arabidopsis thaliana or Zea bza_v.'s’ steroid Sa-reductase, respectively;
(c) a nucleotide sequence encoding the same genetic information as said
nucleotide sequence of (a), but which is degenerate in accordance with the degeneracy
of the genetic code; or _ )
(d) 2 nucleotide sequence encoding the same genetic infqrmation as said

nucleotide sequence of (b), but which is degenerate in accordance with the degeneracy

of the genetic code.
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The present invention also provides an isolated DNA molecule that encodes a
steroid Sa-reductase enzyme or fragment thereof, comprising a nucleic acid sequence
selected from:

(a) SEQ ID NO:6,-SEQ ID NO 8, or the complement of any of these
nucleotide sequences; respectively;

(b)  anucleotide sequence that hybridizes to said nucleotide sequence of (a)
under a wash stringency equivalent to 0.5X SSC to 2X SSC,0.1% SDS, at 55-65 °C, and
which encodes a polypeptide having steroid Sa-reductase enzymatic activity substantially
similar to that of Glvcine max steroid Se-reductase;

(c) a nucleotide sequence encoding the same genetic information as said
nucleotide sequence of (a), but which is degenerate in accordance with the degeneracy
of the genetic code; and

(d)  a nucleotide sequence encoding the same genetic information as said
nucleotide sequence of (b), but which is degenerate in accordance with the degeneracy
of the gerietic code.

These isolated DNA molecules encoding steroid Sd-ieductase enzymes or
fragments thereof can be incorporated into recombinant coristructs comprising, as
operably linked components in thé 5' to 3' direction, a seed-specific promoter or a
promoter functional in a plant plastid, the isolated DNA molecule, and a transcription
termination signal sequence. When the promoter is a seed-specific promoter, the
recombinant construct can further comprise a transit peptide coding region capable of
directing transport of the steroid Sa-reductase or fragment thereof into a plastid, .
operatively linked to the isolated DNA molecule. When the promoter 1s one that is

functional in a plant plastid, the recombinant construct can further comprise a gene

- encoding a selectable marker for selection of plant cells comp.n'sing a plastid expressing

the marker, and DNA regions of homology to the genome of the plastid, wherein the

. regions of homology flank the promoter functional in a plant plastid, the DNA sequence,

the transcription termination signal sequence, and the gene encoding a selectable marker.

Furthermore, when the promoter is one functional in a plant plastid, the recombinant

construct can further comprise a ribosome binding site joined to the plastid promoter.

The ribosome binding site can be obtained from a leader sequence selected from a site
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derived from a plastid. bacterial, or bacteriophage leader sequence, for example the
binding site of the gene 10 leader, or the rbcLRBS site.

Any of the foregoing recombinant constructs can be incorporated into
recombinant vectors comprising the recombinant constructs comprising the isolated DNA
molecules encoding polypeptides having steroid Sa-reductase enzymatic activity. Such
vectors can be bacterial or plant expression vectors. '

In another aspect, the present invention encompasses transformed host cells
comprising any of the foregoing recombinant constructs or vectors comprising the

isolated DNA molecules encoding polypeptides having steroid Sa-reductase enzymatic

activity. The host cells can be bacterial ¢ells or plant cells. The steroid Sa-reductases, -

or fragments thereof possessing steroid Sa-reductase enzymatic activity, can be produced

by culturing any of these transformed bacterial or plant host cells for a time and under

conditions ‘conducive to the production of the steroid Sa-reductase or-enzymatically
active fragment thereof;, and recovering the peptide, polypeptide, or protein possessing
steroid Sac-reductase enzymatic activity produced thereby.

To aid thereader in understanding the present invention, descriptions of the sterol
compound and tocopherol biosynthetic pathways are presented below. These
descriptions identify enzymes useful in achieving the modifications to the biosynthesis
and accumulation of sterol compounds and tocopherols described herein, and identify

sources of nucleic acid sequences encoding these enzymes.

The Sterol Compound Biosynthetic Pathwav in Plants

Various steps in the sterol compound biosyntheticz: pathway in plants are shown

in Scheme 1, below. The numbers over the arrows refer to plant sterol compound -

biosynthetic pathway enzymes and génes as indicated in Table 1.

oy
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Tablel

Plant Sterol Compound Pathway Enzymes and Genes

Enzyme Step in Pathway - GenBank
: Gene ID
Acetoacetyl-CoA thiolase 1 X78116
HMG-CoA synthase - 2 X83882
HMG-CoA reductase 3 X15032
. L19262
Mevalonate kinase 4 X77793
Phosphomevalonate kinase 5 Not available
Mevalonate pyrophosphate decarboxylase 6 Y14325
Isopentenyl diphosphate isomerase 7 U49259
U47324
Famesyl pyrophosphate synthase 8 X75789
Squalene synthase _ _ 9 AF004560
Squalene epoxidase 10 Not available -
Squalene cyclase | S N U87266
Sterol C-24 methyltransferase 12,18 U71400
Sterol C-4 demethylase 13,19 Not available
Cycloeucalenol-obtusifoliol isomerase 14 Not available
Sterol C-14 demethylase 15 U74319
Sterol C-14 reductase 16 PCT WO .
: 97/48793
Sterol C-8 isomerase 17 AF030357
Sterol C-5 desaturase 20 X90454
Sterol C-7 reductase 21 U49398
Sterol C-24 isomerase ' 22 Klahre et al.
(1998) Plant
Cell 10: 1677-
: 1690
Sterol C-24 reductase 23 Same as 22
Sterol C-22 desaturase 24 Not available
Sterol C-5 reductase 25 . This patent

The plant sterol compound biosynthesis pathway has two distinct components.
The early pathway reactions, leading from ai:etyl-Co_A to squalene via mevalonic acid, -
are common to other isoprenoids. The later pathway reactions, leading from sqdalenc to

the major plant sterol compounds such as sitosterol, campesterol and stigmasterol, are

. committed biosynthetic reactions.

) - The early pathway reactions have been studied in fungi and plants (Lees et al.,
Biochemistry and Funciion of Sterols, Nes and Parish, Eds.. CRC Press, 85-99 (1997);
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Newman and Chappell. Biochemistry and Function of Sterols, Nes and Parish, Eds., CRC
Press, 123-134 (1997); Bach et al., Biochemistrv and Function of Sterols, Nes and Parish,
Eds., CRC Press, 135-150 (1997)).

Acetoacetyl CoA thiolase (EC 2.3.1.9) catalyzes the first reported reaction, which
consists of the formation of acetoacetyl CoA from two molecules of ‘acetyl CoA (Dixon
etal.,J Steroid Biochem. Mol. Biol. 62:165-171 (1997)). This enzyme has been purified
from radish. A radish cDNA has been isolated by functional complementation in
Saccharomyces cerevisiae '(Gen'eBank Accession # X78116). A radish cDNA has also
been screened against acDNA library of Arabidopsis thaliana (Vollack and Bach, Plant
Physiology 111: 1097-1107 (1996)).

. HMGCoA synthase (EC 4.1.3.5) catalyzes the production of HMGCoA. This
reaction condenses acetyl CoA with acetoacetyl CoA to yield HMGCoA. HMGCoA
synthase has been puriﬁed from yeast. A plant HMGCoA synthase cDNA has been
isolated from Arabidopsis thaliana (Montamat et al, Gene 167: 197-201 (1995)).

HMGCoA reductase, also referred to as 3-hydroxy-3-methyglutaryl-coenzyme

A (EC 1.1.1.34), catalyzes the reductive conversion of HMGCoA to mevalonic acid

(MVA). This reaction is reported to play a role in controlling plant isoprenoid
biosynthesis (Gray, Adv. Bot. Res. 14: 25-91 (1987); Bach et al., Lipids 26: 637-648
(1991); Stermer et al., J. Lipid Res.‘35: 1133-1140 (1994). Plant HMGCoA reductase
genes are often encoded by multigene families. The number of genes comprising each
multigene family varies, depending on the species, ranging from two in Arabidopsis
thaliana to at least seven in potato. Overexpression of plant HMGCoA reductase genes
in transgenic tobacco plants has been reported to result in the overproduction of
phytosterols (Schaller et al.,, Plant Ph_vs:-'ol. 109: 761-770 (1995)). '

Mevalonate kinase (EC 2.7.1.36) catalyzes the phosphorylation of mevalonate to
produce mevalonate 5-phosphate. It has been reported that mevalonate kinase plays a

role in the control of isoprenoid biosynthesis (Lalitha et al., Jndian. J. Biochem. Biophvs.

| 23:249-253 (1986)). A mevalonate kinase gene from Arabidopsis thaliana has been

cloned (GeneBank accession number X77793; Riou et al., Gene 148: 293-297 (1994)).
Phosphomevalonatekinase (EC 2.7.4.2) (MV AP kinase) is an enzyme associated

with isoprene and ergosterol biosynthesis that converts mevalonate-5-phosphate to
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mevalonate-5-pyrophosphate utilizing ATP (Tsay et al..-Mol. Cell. Biol. 11: 620-631
(1991)).

Mevalonate pyrophosphate decarboxylase (“MVAPP decarboxylase”) (EC
4.1.1.33) catalyzes the conversion of mevalonate pyrophosphate to isopentenyl
diphosphate (“IPP”). The reaction is reported to be a decarboxylation/dehydration
reaction which hydrolyzes ATP and requires Mg2*, A ¢cDNA encoding Arabidopsis
thaliana MV APP decarboxylase has been isolated (Tothetal, J. Biol. Chem. 271: 7895-
7898 (1996)). An isolated Arabidopsis thaliana MVAPP decarboxylase gene was
reported to be able to complement the yeast MVAPP decarboxylase.

Isopentenyl diphosphate isomerase (“IPP: DMAPP") (EC 5.3.3.2) catalyzes the
formation of dimethylallyl pyrophosphate (DMAPP) from isopentenyl pyrophosphate
(IPP). Plant IPP: DMAPP isomerase gene sequences have been reported for this enzyme.
It has also been reported that IPP:DMAPP i 1somerase is involved in rubber biosynthesis
in a latex extract from Hevea (Tangpakdee et al., Phytochemistry 45: 261-267 (1997).

Famesyl pyrophosphate synthase (EC 2.5.1.1) is a prenyltransferase which has
been' reported to play a role in. providing polyisoprenoids for sterol compound
biosynthesis as well as a number of other pathways (Li et al,, Gene 17: 193-196 (1996)).
Famesyl pyrophosphate synthase combines DMAPP with IPP to yield geranyl
pyrophosphate (“GPP”). The same enzyme condenses GPP with a second molecule of
IPP to produce famesyl pyrophosphate (“FPP”). FPP is a molecule that can proceed

down the pathway to sterol compound synthesis, or that can be shuttled through other

.pathways Ieadmg to the synthesis of qumones or sesquiterpenes.

Squalene synthase (EC 2.5.1.21) reductively condenses two molecules of FPP in

" the presence of Mg2+ and NADPH to form squalene. The reaction involves a head-to-

head condensation, and forms a stable intermediale,\presqualene diphosphate. The
enzyme is subject to sterol demand regulation similar to that of HMGCoA reductase.

The activity of squalene synthase has been reported to have a regulatory effect on the

. incorporation of FPP into sterol and other compounds for which it serves as a precursor

(Devarenne et al., Arch. Biochem. Biophys. 349: 205-215 (1998)).

Squalene epoxidase (EC 1.14.99.7) (also called squalene monooxygenase)

catalyzes the conversion of squalene to squalene epoxide (2,3-oxidosqualene), a
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precursor to the initial sterol molecule in the sterol compound biosynthetic pathway,
cycloartenol. This is the first reported step in the pathway where oxygen is required for

activity. The formation of squalene epoxide is also the last common reported step in

sterol biosynthesis of animals, fungi, and plants.

The later pathway of sterol compound biosynthetic steps starts with the
cyclization of squalene epoxide and ends with the formation of AS -24-alkyl sterols in
plants.

2,3-oxidosqualene cycloartenol cyclase (EC 5.4.99.8) (also called cycloartenol
synthase) is the first step in the sterol compound pathway that is plant-specific. The
cyclization of 2,3-oxido§qualene leads to lanosterol in animals and fungi, while in plants
the product is cycloartenol. Cycloartenol contains a 9,19-cyclopropyl ring. The
cyclization is reported to proceed from the epoxy end in achair-boat-chair-boat sequence
that is mediated by a transient C-20 carbocationic intermediate.

S-adenosyl-L-methionine:sterol C-24 methyl transferase (“SMT17) (EC 2.1.1.41)
catalyzes the transfer of a methyl group from S-adenosyl-L-methionine to the
C-24 center of the sterol side chain (Nes et al. (1991) J. Biol. Chem. 266(23):15202-
15212). This is the first of two méthyl transfer reactions that have been reported to be
anobligatory and rate-limiting .step of the sterol compbund-produéing pathway in plants.
The second methy] transfer reaction occurs later in the pathway after the A*” isomerase.
The enzyme responsible for the second methyl transfer reaction is ﬁamed SMT2
(Bouvier-Nave, P. et al., (1997) Eur. J. Biochem., 246: 518-529). An isoform, SMTII,
catalyzes the conversion of cycloartenol to a A»?%-24-alkyl sterol, cyclosadol (Guo et
al. (1996) Tetrahed. Lett. 37(38):6823-6826).

Sterol C-4 demethylase catalyzes the first of several demethylation reactions,
which results in the removal of the two methyl groups at C-4. While in animals and -
fungi the removal of the two C-4-methyl groups occurs consecutively, in plants it has

been reported that there are other steps between the first and second C-4 demethylations.

The C-4 demethylation is catalyzed by a complex of microsomal enzymes consisting of

a monooxygenase,- an NAD" -dependeni sterol 4-decarboxylase, and an NADPH-

_dependent 3-ketosteroid reductase.

Cycloeucalenol-obtusifoliol isomerase (“COI™) catalyzes the. opening of the
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cyclopropyl ring at C-9. The opening of the cyclopropyl ring at C-9 creates a double
bond at C-8. _

Sterol C-14 demethylase catalyzes demethylation at C-14, which removes the
methyl group at C-14 and creates a double bond at that position. In both fungi and
animals, this is the first step in the sterol synthesis pathway. Sterol 14-demethylation is
médiated bya éytochrdme P-450 complex.

Sterol C-14 reductase catalyzesaC-14 demethylauon that results in the formation
of a double bond at C-14 (Ellis et al., Gen. Microbiol. 137: 2627-2630 (1991)). Thls

-double bond is removed by a A" reductase. The normal substrate is 4a-methyl 8,14,24

(24")- -trien-3f3-ol. NADPH is the normal reductant.

Sterol C-8 isomerase catalyzes areaction that involves further modification of the
tetracyclic rings or the side chain (Duratti et al., Biochem. Pharmacol. 34: 2765-2777
(1985)). The kinetics of the sterol isomerase-catalyzed reaction favor a A® - A7
isomerase reaction that produces a A’ group.

Sterol C-5 desaturase catalyzes the insertion of the A’-double bond that normally
occurs at the A’-sterol level, thereby forming a A*’-sterol (Parks et al., Lipids 30:227-230
(1995)). The reaction has been reported to involve the stereospecific removal of the 5a
and 6a hydrogen atoms, biosynthétically derived from the 4 pro-R and 5 pro-S hydrogens
ofthe (+)and (-)R-mevalonic acid, respectively. The reaction is obligatorily aerobic, and
requires NADPH or NADH. The desaturase has been reported to be a multienzyme

complex present in microsomes. It consists of the desaturase itself, cytochrome bs, and

~ apyridine. nucleotlde-dependent flavoprotein. The A’-desaturase is reported to be a

30

mono-oxygenase that utilizes electrons denved from a reduced pyridine nucleotide via
cytochrome bs.

Sterol C-7 reductase catalyzes the reduction of a A’-double bond in A™-sterols to
generate the corresponding A* -slerol It has been reported that the mechamsm involves,
like many other sterol enzymes, the formation of a carbocationic intermediate via
electropluhc “attack™ by a proton. '

Sterol C-24(28) isomerase calalyzes the reduction of a AZ®®-A%, a conversion

‘that- modifies the side chain. The product is a A**-24-alky! sterol. Sterol C-24
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reductase catalyzes Alhe reduction of the A*** double bond at C-24, which produces
sitosterol. Recently, Klahre etal. ((1998) Plant Cell 10:1677-1 690) discovered that both
the isomerization and reduction steps are catalyzed by an enzyme coded by the same
gene, i.e., DIM/DWFI.

Sterol C-22 desaturase (EC 2.7.3.9) catalyzes the formation of a double bond at

- C-22 on the side chain. This formation of a double bond at C-22 on the side chain marks

the end of the sterol compound biosynthetic pathway, and results in the formation of

* stigmasterol (Benveniste (1986) Annu. Rev. Plant Physiol. 37:275-308). The C-22

desaturase in yeast, which is the reported final step in the biosynthesis of ergosterol in

that organism, requires NADPH and molecular oxygen. In addition, the reaction is also

“reported to involve a cytochrome P450 that is distinct from a cytochrome P450

participating in demethylation reactions (Lees et al. (1995) Lipids 30:-221-226).

Phytosterols are biogenetic precursors of brassinosteroids, steroid -alkaloids,
steroid ‘sapogenins, ecdysteroids, and steroid hormones. This precursor role of
phytostérols is often described as a “metabolic™ function. A common transformation of
free sterols in tissues of vascular plants is the conjugation at the 3-hydroxy group of
sterols with long-chain fatty acids to form steryl esters, or with a sugar, usually with a
single molecule of B-D-glucose, to form steryl glycosides. Some of the steryl glycosides
are additionally esterified. at the 6-hydroxy group of the sugar moiety, with long-chain
fatty acids to form acylated steryl glycosides.

The existence. of several enzymes that are Speciﬁcally associated with the

synthesis and breakdown of conjugated sterols has been reported (Wojciechowski,

- Physiology and Biochemistry of Sterols, eds. Patterson, Nes, AOCS Press, 361 (1991)).

Enzymes involved in this process include: UDPGlc:Sterol glucosyltransferase,
phospho(galacto)glyceride steryl glucoside acyltransferase, and sterylglycoside and

. sterylester hydrolases. ) Q
| UDPGic:sterol glucosﬁlllr_ansferase (EC 2.4.1.173) catalvzes glucosylaﬁonof -
‘phytosterols by glucose transfer from UDP-glucose (“UDPGI™). The formation of steryl
_glycosides can be measured using UDP-["C]glucose as the substrate. Despite certain

differences in their specificity pattemns, all reported UDPGlc:sterol glﬁcosyltransferases

preferentially glucosylate only sterols or sterol-like molecules that contain a C-3 hydroxy

OO+
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group, a B-configuration, and which exhibit a planar ring. It has been reported that
UDPGiIc:sterol glucosyltransferases are localized in the microsomes.

Phospho(galacto)glyceride steryl glucoside acyltransferase catalyzes the
formation of acylated steryl glycosides from the substrate steryl glycoside by transfer of
acyl groups from some membranous polar acyllipids to steryl glycoside molecules.

Acylglycerol:sterol acyltransferase (EC 2.3.1.26) catalyzes the reaction wherein
certain acylglycerols act as acyl donors in a phytosterol esterification. In plants,.the
activity of acylglycerol:sterol acyltransferase is reported to be associated with
membranous fractions. A pronounced specificity for shorter chain unsaturated fatty acids
was reported for all acyltfansferase preparations studied in plants. For example,
acylglycerol:sterol acyltransferases from spinach leaves and mustard roots can esterify
a number of phytosterols: ’ ‘

Sterylglycoside and sterylester hydrolases (“SG-hydrolases™) catalvze the
enzymatic hydrolysis of sterylglycosides to form free sterols. The SG-hydrolase activity
is not found in mature, ungermihated seeds, is reported to emerge only after the third day
of germination, and is found mainly in the cotyledons. It has been reported that
phospho(galacto)glyceride:SG acyltranaferase may catalyze a reversible reaction.

Enzymatic hydrolysis of sterylesters in germinating seeds of mustard, barley and corn is

-reported to be low in dormant seeds, but increases during the first ten days of

germination. This activity is consistent with a decrease in sterylesters and an increase in

free sterols over the same temporal period.

Brassinosteroids

BrassinoStqroids are steroidal compounds with plant growth regulatory properties,
includihg modulation of cell expansion and photomorphogenesis (Artecal. Plant
Hormones, Physiology, Biochemistry and Molecular Biology, Davies and. Kluwer, Eds.,
Academic Publishers, 66 (1995); Yakota, Trends in Plant Science 2: 137-143 (1997)).
Brassinolide (2ct, 3a, 22, 23at -tetrahydroxy-24;meth_vl-B-homo—?-oxa—Sa-cholestan—&
one) is abiologically active brassinosteroid. More than 40 natural analogs ofbrassinolide

have been reported, and these analogues differ primarily in substitutions of the A/B ring
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system and side chain at position C-17 (Fujioka and Sakurai. Narural Products Report
14: 1-10 (1997)).

The pathway leading to brassinolide branches from the synthesis and catabolism

~ of other sterols at campesterol. A synthetic pathway has been reported to campesterol,

(24R)-24-methylcholest-4-en-3-one, (24R)-24-5a-methyicholestan-3-one, campestanol,
cathasterone, teasterone, 3-dehydroteasterone, typhasterol, castasterone, brassinolide
(Fujiokaetal., Plant Cell 9: 1951 - -1962 (1997)). Analternative pathway branching from

" campestanol has also been reported where the 6-oxo group is lackmg and is not

introduced until later in the sequential conversion process. 6-deoxy brassinosteroids have
low biological activity, and may be catabolic products. However, enzymatic activity
com)crting 6-deoxocastasterone to castasterone has been reported, and thus links the
alternative pathway to production of bioactive brassinolide.

. Two genes encoding BR biosynthetic enzymes have been cloned from

Arabidopsis. The earliest acting gene is DET2, which encodes a steroid Sa-reductase

V with homology to mammalian steroid Sa-reductases (Li et al.. Science 272: 398-401.

(1996)). The only reductive step in the brassinolide pathway occurs between campesterol
and campestanol. A det2 mutation is reported to block the second step in the BR (24R)-
24-methyicholest-4-en-3-oneto (24R)-2_4-5-méthylcholestan-B-one conversion (F ujipka
etal., Plant Cell 9: 1951-1962 (1997)).

A second gene, CPD, encodes a cytochrome P450 that has domains homologous
to mammalian steroid hydroxylases (Szekeres et al., Cell 85: 171-182 (1996)). CPD has
been reported to be a teasterone-23-hydroxylase. Mutation of this gene blocks the

R cathasterone to teasterone conversion. Additional cytochrome P450 enzymes may

25

30

. participate in brassinolide biosynthesis, including the tomato DWARF gene that encodes

a P450 cytochrome with 38% ldentlty to CPD (Bishop, Plant Cell 8: 959-969 (1996)).

- Sources of Nuclelc ACld Sgguences Encoding Enzvmes Useful in Modlfvmg

Sterol Compound BIOS\ nthesis and Accumulation in Plants

" 3-Hvdroxvsteroid Oxidases

- 3-hydroxysteroid oxidases catalyze the oxidation of the 3-hydroxy group of

3-hydroxysteroids to produce ketosteroids and hydrogen peroxide. They are capable of .
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catalyzing the oxidaﬁon of various 3-hydroxysteroids, such as. for example, cholesterol.
Most of the previously known 3-hydroxysteroid oxidases are called "cholesterol
oxidases" (enzymatically catalogued as E.C.1.1.3.6), but cholesterol is only one of a
number of 3-hydroxysteroid substrates for these enzymes. The use of all

3-hydroxysteroid oxidases and the nucleic acids encoding such proteins for the purpose

of elevating phytostanol, for example sitostanol, levels within plants is within the scope

of the present invention.

3-hydroxysteroid oxidases useful in the present invention include those naturally
produced by microorganisms such as Streptomyces spp., Brevibacterium spp.,
Pseudomonas spp., Mycobacterium Spp., Schizophyllum commune. Nocardia spp., and
Rhodococcus spp. (Smith et al. (1 976) J. Steroid Biochem. 7: 705-713; Lon getal,, PCT
International Publication WO 90/05788-; Corbin et al. (1994) Appl. Environ. Microbiol.
60:. 4239). Genes encoding 3-hydroxysteroid oxidases have been cloned from
Streptomyces sp. strain SA-COO (Murooka et al. (1986) Appl. Environ. Microbiol. 52:
1382) and Brevibacterium sterolicum ATCC 21387 (Fujishiro et al. (1990) Biochem.
Bzophys Res. Commun. 172 721).

Other organisms producing 3-hydroxyster0|d oxidases useful in the present
invention can be identified by assaying culture filtrates or individual proteins for 3-
hydroxysteroid oxidase activity viathe spectrophotometric assay disclosed in U.S. Patent
5,518,908.

New Streptomyvces genes that control the expression of 3-hydroxysteroid oxidase

have been isolated and sequenced. U.S. Patent 5 ,518,908 discloses the sequence of a

. 3-hydroxystero:d oxidase gene obtained from- Streptomyces A19249, isolated in

- Madagascar. Any 3-hydroxysteroxd oxidase gene, cDNA, synthetic DNA, plasmid-

derived DNA, etc., can be inserted into a transformation vector cassette which is used to
transform a plant. Such nucleic acids can be incorporated into the genome of the plant,
which then produces .an elevated level of phytostanols or phytostanol esters, such as

sitostanol or sitostanol esters.:
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Steroid Sa-Reductases .

Steroid Sa-reductases ﬁseful in the present invention include those obtainable
from any source, including, for example, algae, bacteria, fungi, plants, or mammalian
cells. A tion-limiting example is the enzyme encoded by the Arabidopsis DET2 gene

" (Fujioka et al. (1997) The Plant Cell 9: 1951-1962). Other plant-derived sequences
include full length cDNAs from Arabidopsis, com, and soybean, presented below. The
standard TUPAC code for nucleotides used herein is:

B=C,G,orT Y=CorT
D=A,G,orT K=GorT
H=A,C,orT M=AorC
V=A,C,orG S=GorC
R=AorG W=AorT
N= any base

The sequences below are putative steroid Sa-reductases, or fragments thereof,
based on homology to mammalian sequences. These-sequences wereori ginélly identified
by homology to a jojoba microsomal membrane protein having the 'N-terminal amino
acid sequence- '
MKVTVQTRSGRELIKGGIELHDSATVTDLQEAIYIKTKKYYRA (SEQIDNO: 1).
This sequence was used to Aseari:h EST databanks from Arabidopsis, corn, and soybean
for cDNAs encoding peptides similar to the jojoba N-terminal sequence. The
Arabidopsis and com cDNA sequeénces were determined, and the protein sequences of
the ORFs encoded thereby were used to search-GenPept. This revealed that the protein
sequences share similarity with mammalian steroid Se-reductases involved in sterol
biosynthesis. By analogy, the plant proteins should catalyze similar reactions. The
séduence of ahuman steroid Se-reductase is available as GenBank accession No. 338476.

The full lenglﬁ cDNA sequence of Arabidopsis thaliana steroid Sa-reductase is:

| ACCCACGCGTCCGCT CTATCTCTCTCAATTTCCTCATCT GGGTC’I’I‘ CCTCGT
TTGCTCCGCTT AAGCACCATGAAGGTCACCGTCGTCTCC_CGC-AGCGGCAG
AGAAGTCCTCAAAGCTCCCCTTGACCTC CCCGATTCGGCGACTGTTGCT GA
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TCTGCAAGAAGCGTTTCATAAGAGAGCTAAGAAGTTTTAC CCGTCGAGGC
AAAGACTGACTCTTCCCGTGACTCCTGGATC GAA_GGACAAACCTGTTGTC
CTCAATAGCAAGAAATCACTGAAGGAGTACTGTGATGGAAACAACAACTC
CTTAACTGTAGTCTT CAAAGACCTGGGGGCACAAGTTTCCTACCGCACACT
CT'I'C'I‘TCTTCGAGTATC’I’I’GGCC CTCTCCTTATCTACCCTGTCTTTTACTAC
TTCCCTGTTTACAAGTTTCTTGGTTATGGAGAGGACTGTGTGATCCATCCG
GTCCAGACGTACGCTATGTACTACTGGTGCTTTCACTACTTCAAACGGATC
'I"I’AGAAACGTTITI’CGTACATCGGTTCAGCCACGCAACCTCCCCAATCGGG

| AATGTGTTCAGGAACTGTGC'I‘TATI'ACTGGAGCTTTGGTGCTTACATTGCT

TA'ITACGTCAACCATCCCTTGTACACTCCAGTTAGTGACCI‘TCAGATGAAG
ATTGGTTTCGGGTITTIGGTTTGGTT 1GCCAAGICGCAAACTTTTACTGTCAC .

- ATATTGCTGAAGAATCTGAGGGACCCCAGTGGGGCTGGAGGCTACCAGAT

TCCACGCGGTTTCCTCTTCAACATTGTTACATGTGCCAATTACACTACCGA
GATTTACCAATGGCTAGGATTCAACATCGCTACTCAGACCATTGCAGGAT
ATGTTTTCCTCGCTGTTGCTGCTCTAATCATGACTAATTGGGCTCTIGGAA
AGCACAGCCGTYTGAGAAAGATATTTGATGGAAAAGATGGAAAGCCAAA
GTATCCAAGAAGATGGGTGATACTTCCTCCATTCCITTAGAAGCCATTGTT
GCTTATCAGTAAAAGCTCTTAATAAAGCTGAAAATGAGACTTTCTTTGGGT
TCTCTGTATCGTTTCCTTTTTTGTICGGTCTATGTATIGGTTATAACATGTTT
ATTCCTTTTGTTTCAATATGTTTTGATTTTTGAAGTTAGAGAGATTTAGAAA
TGTACTTGTGTAGTTGTTTCTCACGCAAACCAATTCCTCTTTATGTATCGCA
TACATGAGTCAATAATAAATATGATTACTAGTAAAA (SEQ ID NO: 2).

The deduced amino acid sequence of the Arabidopsis stercid Sa-reductase is:

. MKVTVVSRSGREVLKAPLDLPDSATVADLQEAFHKRAKKFYPSRQRLTLPVT |

PGSKDKPVVLNSKKSLKEYCDGNNNSLTVVFKDLGAQVSYRTLFFFEYLGPL '
ALIYPVFYYFPVYKFLGYGED.CVIHPVQTYAMYYW C FHYFKR[LETFFVHRFSHTS
PIGNVFRNCAY,YWSFGAYIAYYVNHPLYTPVSDLQMKIGFGFGLVCQVANFY

- CHILLKNI.RDPSGAGGYQIPRGFLFNIVT_CANYTT EIYQWLGFNIATQTIAGYV
- FLAVAALIMTNWALGKHSRLRKIFDGKDGKPK YPRRWVILPPFL (SEQID NO:

3).

The full length cDNA sequence of Zea may's steroid 5a-reductase is:
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GAATTCGGCTCGAGCTCTCCTC TCCTCTCCTCTCCCCCGCATCCACGGCCG
CAGGCAGCAGGCAGCCACTCGACGATCTAGTCGTCTCTCTCCCCGCT CTGC
CGCCTCGCTGCCGCGGCTTCCCGTCGGCGGGAGGATGAAGGTCACGGTCG
TGTCCCGGAGCGGCCGGGAGGTCGTCAAGGGCGGCATCGACCT CAAGGAC
TCGGCCAAGGTCGCGGACCTGCAGGAGGCCATCCATGC CAGGACTAAGAA
GTATTATCCTTCT AGGCAGCGGCTCACCCTCCCCCTT CAACCTGGAAAAGG
CGGGAAGCCAGTTGTCCTCAGTCCGAAGGCCAGC CTGCTAGAATACTGCG
AGAAGGGTTCTGGGTCACTGACAGTGGTCTT CAAAGATTTAGGGCCACAG

‘ GTCTACTACAGCACACTGTTC’I'TCTI'CGAGTACCTGGGTCCTCTCATCATC

TACCCCATGTTCTACTATCTGCCCGTCTACAAGTACTTCGGGCACGAGGGG
GAGCGGGCCATGCACCCTGTCCAGACCTACGCAATGTACTACTGGTGCTT
CCACTACTT C‘AAGCGGATCATGGAGACGTTCTT CGTGCACCGCTTCAGCCA
CGCGACGTCGCCGCTCTCGAACGTCTTCAGGAACTGTGCCTACTACTGGA
CC'ITCGGCGC’ITACA’ITGCTTACTACTGCAACCACCCGCTGTACACCCCAG
TGAGTGATCTGCAGATGAAGATTGGGTTTGGTTTTGGGGTCGTCTGCCAGG
TCGCGAACTTCT. ACTGCCACATCCTGCTGCGGAACCTCAGGAGCCCAAGC
GGCAGCGGCGGGTACCAGATCCCCCGCGGTTTCTTGTTCAACATCGTGAC
CTGCGCCAATTACACCACCGAGATCTACCAGTGGGTCGGCTTCAACATCG
CCACACAGACCGTGGCAGGTTACGTCTTCCTTGTCGTGGCGGCGGGCATC
ATGACCAACTGGGCGCTCGGCAAGCACAGCCGTCTGAAGAAGCTGTTTGA

"‘CGGCAAGGATGGGAGGCCCAAGTACCCTCGCCGGTGGGTGATTCT CCCTC

CGTTC CTGTGAAGAGGCGGTGGTGGTGGCTCACTGTTGGTGGTCGGCCCA

: »TTGTGATTCGATGTCTACAGACAGTTGTACTGTACTAATCGTGCCTG'ITI'A
GCG GTTGAACTTGGATTCCGTTGTC CGAAGTTTCTAATC CGAAAGATGGAT
. TTCATTTTCTTCTTCTTCTT CTTAGCATTATGTCACTGTCT. CACGTCGTCCTG

TCTCAATACAGTCTAAGGTTCATGTGATGTTATCCCCATTT GTCCACGCAG
AAGTGAAGTGAATGCAGTCACT AT'ITCGA'ITCGACAAAAAAAAAAAA (SEQ

~ .. IDNO: 4).

- 30

The deduced amino acid sequence of the Zea mays steroid Sa-reductase is:
MKVTV VSRSGREVVKGGIDLKDSAKVADLQEAH{ARTKKYYPSRQRLTLPLQ'
PGKGGKPWLSPKASLLEYCEKGSGSLTV\(FKDLGPQVYYSTLFFFEYLGPLII
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| YPMFYYLPVYKYFGHEGERAMIPVQTYAMYYWCFHYF KRIMETFFVHRFSATS

PLSNVFRNCAYYWTF GAYIAYYCNHPLYTPVSDLQMKIGFGFGVVCQVANF

. YCHILLRN LRSPSGSGGYQIPRGFLFNIVTCANY TTEIYQWVGFNIATQTVAGY
- VFLVVAAGIMTNWALGKHSRLKKLFDGKDGRPKYPRRWVILPPF L (SEQIDNO:

5).
The cDNA Sequence of a first Glycine max Steroid Sa-Reductase is:

GAATTCGGCTC GAGCGGGGATGTCAGTGATAAGCC’IT GTGTCACTGGCTAAT

GCTGGCTTCTCAGAGATTAGAGGGAAGCATTTGAACTATTCAAAGTTTTGGA
ATGCTAATCCCTCTGCAGAAAAGCAGGTCAAGTTGTCTAGCAAAGCTGGCAT
GCTTTTGCTGTACACTCCTGCTTTTCTTGCTGGCCTTGCATCCTICTGGATCTT
TCCTCATCAAGGCCTCAGATCCACCCTCCTTCAGTCTGCAGTTACCCTGCATT
TCTTCAAGAGGGTCTTTGAGGTTGTGTTTATTCACAAATATAGTGGTGCCATG
CTTCTTGATTCTGCAATCCCCATCACTCTGAGTTATTTCCTATCAACTGCAACT
ATGATCTATGCTCAACACTTAACACAAGGGCT’I‘CCAGAACCACCAATCGA
TCTGTTGTATCCTGGCATTGTTTTGTTTGTGGTGGGCATCATTGGCAACTTC

: TACCACCACI‘ACCT’I‘CTATCCAAC’I"I‘AAGGGGAAAGGGTGAAAAGGAGTA

CAAGATTCCAAAGGGTGGCATGTTTGAGCTT GTCATATGTCCCCACTACCT
GTTTGAGATTATTGAGTTTTATGGGTTCTCCTT CATTTCGCAGACGCTATAT
GCATTCTCTTTCAC CGTAGGCACTACTTTATACTTGCTAGGTAGGAGTTAT
TCAACTAGGAAATGGTATC'I"I'TCTAAGT’I‘TGAAGATTTCCCTGAGCATGTT
AAGGCT ATCATCCCATTTGTCTT CTAGAAATGTTGGAAGGAATAACTAATT
TTACTTTCATTTCTCAGACGCTATATGCATTATCTTT CACTGTAGGCGCT AC

TTTGTACTTGC TATGTAGGAGTGATTCGACTAGGAAATGGTATCTTT CTAG =
- GTI'I'GAAGATTTC CCTAAAAAAAAAAAAAAAAGGGCGGGCCGCC G(SEQID

NO: 6)
The deduced amino acid sequence of SEQID NO: 6 is:

_ MSVISLVSLANAGFSEIRGKHLNYSKFWNANPSAEKQVKLSSKAGMLLLYTP
' AFLAGLASFWIFPHQGLRSTI_LQSAVTLHFFKRVFEWFIHKYSGAMLLDSAIP
_ ITLSYFLSTATMIYAQHLTQGLPEPPIDLLYPGIVLFVVGIIGNFYHHYLLSNLR _

GKGEKEYKIPKGGMFELVICPHYLFEIEFYGFSF ISQTLYAFSFTVGTTLYLLG

_ RSYSTRKWYLSKFEDFPEHVKAHPFVF‘ (SEQ ID NO: 7).
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The cDNA Sequence of a second Glvcine max Steroid 5a-Reductase is:
GAATTCGGCTCGAGAAC AAGCAAACACCATGGTGATTAAGTCTGTGTIGTTIC
AGCTTCATTTTCCCCCCGCCACCTTCTCT GGTGGTTTGGGGGTTGACTGTGAC
AAGCTTCCTGATACTGGCTAATGCTTTCTTGT: CAGAAATTAGAGGGAAGCATT
TGAACT A'I'I'CAAAG'I'I"I'I'GGAATGCTAATCCCT CTGCAGAAAAGCAGGTCAA
GTTGTCTAGCAAAGCTGGCATGCTTTTGCT GTACACTCCT GCTTTTCTTGCTGG
CCTTGCATCCTTCTGGGTCTTTCCT CATCAAGGGCT CAGATTCACCATCCTT
CAATCTGCTGTTACTCT GCACTACT TCAAGAGGGTCTTTGAGGGTCTGTTT
ATTCACAAATATAGTGGAGGCATGACACTTGAATCTGCAATCCCCATCAC
TCTGAGTTATTTCCTCTCAGCTGTAACTATGGTCT ATTCT CAACACCTAAC

AAAAGGGTTTCCAGAACCACCAATCAATCTGTTCTACCCT GGCATTGTGTT

GTTTCTAG'ITGGCATCATTGGCAAC'I'I'CTACCACCA’I‘TACCTTCTG_TCCAA
ATTGAGGGGAAAGGGTGAAAAGGAGTACAAGATPCCAAAGGGTGGCT’H‘T
TTGAGCTT: GTGA'ITI'GCCCCCACTACTTCTTI‘GAGAT'I'ACTGTGTT’I‘TATGG

‘GATCTTCTTCATTTCT CAGACATTATATTCATTCGCTTT: CGCTGTAGGCACT

ACTATGTACTTGGTGGGTAGGAG'ITACT CAACTAGGAAATGGTATCTTTCT
AAGTTTGAAGATTTCC CTAAGCATGTTAAGGCTGTCATCCCATTTGTCTTC
TAAATGTTGTAATGAACATCTAATTCTACTT GAGTTGTAAGTGTGCTGCTA

GATTGTGTITA-AAAAAAAAAAAAAAAAGGGCGGCCGCCGG (SEQ ID NO:8)
The deduced amino acid sequence of SEQID NO:8 is:

: MVIKSVLFSFIFPPPPSLVVWGLTVTSF LILANAFLSEIRGKHLNYSKFWNANP

SAEKQVKLSSKAGMLLLYTPAFLAGLAS FWVFPHQGLRFTILQSAVTLHYFK
RVFEGLFIHKYSGGMTLESAIPITLSYFLSAVTMVYSQHLTKGFPEPPINLFYPG

| IVLFLVGIIGNFYHHYLLSKLRGKGEKEYKIPKGGFFELVICPHYF FEITVFYGIF
FISQTLYSFAF AVG'ITMYLVGRSYSTRKWYLSKF EDFPKHVKAVIPFVF (SEQID

NO: 9)

HMG-CoA Reductase

A nucleic acid sequence encoding HM>G-C_0A reductase from Hevea brasiliensis

has been disclosed by Chye et al. (1991) Plant Mol. Biol. 16: 567-577. A nucleic acid -

sequence encoding an Arabidopsis thaliana HMG-CoA reductase has been published by

8
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accession number L19261. U.S. Patents Nos. 5,306,862 and 5,365,017 disclose

additional DNA sequences encoding HMG-CoA reductases.

Sterol Acvitransferases

Sterol O-acyltransferase enzymes such as acyl CoA:cholesterol acyltransferase
(EC 2.3.1.26; ACAT) catalyze the formation of cholesterol esters from cholesterol and
long chain fatty acids. Such enzymes can be used in the present invention to produce
elevated levels of phytosterol and/or phytostanol esters.

Examples of nucleic acid sequences encoding full length ACAT or ACAT-like
enzymes, or ESTs, include those from Arabidopsis thaliana, Caenorhabditis elegans,
Glycine max (soybean), humans, Mortierella alpina, mouse, rat, and Zea mays (com) are
shown below. '

The full length Arabidopsis thaliana ACAT DNA sequence is:
CTCTCGTGAATCCTTTTTCCTTTCTTCTTCTTCTTCTCTTCAGAGAAAACTTT
GCTTCTCTTTCTATAAGGAACCAGACACGAATCCCATTCCCACCGATTTCT
TAGCTTCTTCCTTCAATCCGCTCTTTCCCTCTCCATTAGATTCTGTTTCCTCT

- TTCAATTTCTICT GCATGCTTCTCGATTCTCTCTGACGCCTCTTTTCTCCCG

ACGCTGTTTCGTCAAACGCT’I‘TTCGAAATGGCGATI'TTGGATTCTGC TGGC
GTTACTACGGTGACGGAGAACGGTGGCGGAGAGTTCGTC GATCTTGATAG
GCTTCGTCGACGGAAATCGAGATCGGATTCTTCTAACGGACTTCTTCTCTC
TGGTTCCGATA‘ATAATTCTCCTI‘CGGATGATGTTGGAGCT CCCGCCGACGT

- TAGGGATCGGA'I'I'GA’ITCCGTI'GTTAACGATGACGCTCAGGGAACAGCCA
ATTTGGCCGGAGATAATAACGGTGGTGGCGATAATAACGGTGGTGGAAGA

GGCGGCGGAGAAGGAAGAGGAAACGCCGATGCTACGTTTACGTATCGAC
CGTCGGTTCCAGCTCATCGGAGGGCGAGAGAGAGTCCACTTAGCTCCGAC
GCAATCTTCAAACAGAGCCATGCCGGATTATTCAACCTCTGTGTAGTAGTT
CTTATTGCTGTAAACAGTAGACTCATCATCGAAAATCTTATGAAGTATGGT
TGGTTGATCAGAACGGATTTCTGGTTTAGTTCAAGATCGCTGCGAGATIGG
CCGCTTTTCATGTGTTGTATATCCCTTTCGATCTTTCCTTTGGCTGCCTTTA
CGGTTGAGAAATTGGTACTTCAGAAATACATATCAGAACCTGTTGTCATCT
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TTCTT CATA’ITATTATCACCATGACAGAGGTI'TTGTATC CAGTTTACGTCAC
CCTAAGGTGTGATTCTGCT TTTTTATCAGGTGTCACTTTGATGCTCCTCACT
TGCATTGTGTGGC TAAAGTTGGTTTCTTATGCTCATACTAGCT ATGACATA
AGATCCCTAGCCAATGC AGCTGATAAGGCCAATCCTGAAGTCTCCTACTA
CG'ITAGCTTGAAGAGCTI'GGCATATTTCATGGTCGCTCCCACATTGTGTTA
TCAGCCAAGTTATCCAC GTTCTGCATGTATACGGAAGGGTTGGGTGGCTC
GTCAATTTGCAAAACTGGTCATATTCACC GGATTCATGGGATTTATAATAG
AACAATATATAAATCCTATTGTCAGGAACTCAAAGC ATCCTTTGAAAGGC

v GATC'I'I'CTATATGCTATTGAAAGAGTGTTGAAGCTTTCAG'ITCCAAATTI‘A

TATGTGTGGCTCTGCATGTTCTACT GCTTCTTCCACCTTTGGTTAAACATAT
TGGCAGAGCTTCTCTGCTTC GGGGATCGTGAATTCTACAAAGATTGGTGG
AATGCAAAAAGTGTGGGAGA'ITACTGGAGAATGTGGAATATGCCTGTTCA
TAAATGGATGGTTCGACATATATACTT CCCGTGCTTGCGCAGCAAGATACC
AAAGACACTCGCCATTATCATTGC'ITI'CCTAGTCTCTGCAGTCTI‘TCATGA
GCTATGCATCGCAGTTCCTTGTCGTCTCTT CAAGCTATGGGCTTTTCTTGGG

- ATTATGTTTCAGGTGCCTTT: GGTCTTCATCACAAACTATCTACAGGAAAGG

TTTGGCTCAACGGTGGGGAACATGATC’I’I‘CTGGTTCATCTT CTGCATTTTC
GGACAACCGATGTGTGTGCTTCTTTAT‘I‘ACCACGACCT GATGAACCGAAA
AGGATCGA’I‘GTCATGA'AACAACTGTTCAAAAAATGACT’ITCT’I‘CAAACAT
C’I’ATGGCCTCG’I'I‘GGATCTCCGTTGATG'ITGTGGTGG'ITCTGATGCT AAAA
CGACAAATAGTGTI‘ATAACCATI‘GAAGAAGAAAAGACAATTAGAGTI‘GTT
GTATCGCA (SEQ ID NO: lO)

The amino acid sequence deduced from the foregoing DNA sequence is:
'MAILDSAGVTTVTENGGGEFVDLDRLRRRKSR—SDSSNGLLLSGSDNNSPSDD
VGAPADVRDRIDSVVNDDAQGTANLAGDNNGGGDNNGGGRGGGEGRGNA
-DATFTYRPSVPAHRRARESPLSSDAIFKQSHAGLF NLCVVVLIAVNSRLIENL
MKYGWLIRTDFWFSSRSLRDWPLFMCCISLSIFPLAAFTVEKLVLQKYISEPV

VIFLHIIITMTEVLYPVYVTLRCDSAFLSGVTLMLLTCIVWLKLVSYAHTSYDI o

RSLANAADKANPEVSYYVSLKSLAYFMVAPTLCYQPSYPRSACIRKGWVAR

' QFAKLVIFTGFMGFIIEQYINPIVRNSKHPLRGDLLYAIERVLKLSVPNLYVWL

CMFY CFFHLWLNILAELLC FGDREFYKDWWNAKSVGDYWRMWNMPVHKW



‘WO 00/61771 PCT/US00/09696

10

‘15

20

30

59

MVRHIYFPCLRSKIPKTLAIIIAFLVSAVFHELCIAVPCRLFKLWAF LGIMFQVP
LVFITNYLQERFGSTVGNMIFWFIFCIFGQPMCVLLYYHDLMNRKGSMS (SEQ

ID NO: 11).

The Caenorhabditis elegans ACAT ' cDNA EST is:
TGCAAATGCGTCAACAAACGGGACGACGGCGGCGTCAGCCTT CGGNAAA
CATCTAATGGTTCTTTGGCTT CCAGTAGACGCTCCTCATTTGCACAAAATG
GTAATTCGTCAAGGGAAAAGTTCAGAAATGAGAGGACCTTGCGAGAAAGT
GGTACATACTGCTC AAGA'ITCATTGTTTTCGAC GAGTTCT GGATGGACAAA
TTTCCGTG GATTCT'I‘CAA'I'I’TGTCTA"I"I‘T’I‘ACTT’IT GGTACTTTCAAATGGA
CGCGTGGCAC'I"I'GAAAATGTGATCAAATATGGTA’I‘T’ITGATAACACCCCTT

- CAGTGGATCT CAACGTTTGTTGAGCATCACTACTCAATTTGGAGCTGGCCA

AATCTTGCTCTCATCCTATGCTCAAA (SEQID NO: 12).

The Caenorhabditis elegans ACAT 3'cDNA ES'_I’ is: ,
'I'I'TGATATGTACGGTA‘AATGGAAAAAAGGTATTCATGTATGGCAAGGTGG
TAATAAATGGCACTAAATATGTTTCAAAAGTGTGAGCAAACGTATGTGAG

' AGACGAGAAAAATAAGAAAACGACCTGTAATACATGAAAAATATCAATA

‘GGAATTTTGAGATAATTI‘GGCAACATGCAATATAATGA'_I'TATAATAAAAA

- ACTTGTCTT AAGACTAGAGAACTGCTAA'ITCAAAAAAAACAAATTGAGAT

AAATCAAATACCAACGGTTTGGTTTTGAACTGCT GAAACACCAAAGTTCAA
(SEQ ID NO: 13). |

The Caenorhabditis elegans ACAT protein sequence is:
MRQQTGRRRRQPSETS'NGSLASSRRSSFAQNGNSSRKSSENIRGPCEKVVHTAQD

i SLFSTSSGWTNFRGFFNLSILLLVLSNGRVALENVIKYGILITPLQWISTFVEHH

YSIWSWPNLALILCSNIQILSVFGMEKILERGWLGNGF AAVFYTSLVIAHLTIP
VVVT LTHKWKNPLWSWMMGVYVIEALKFISYGHVNYWARDARRKITELK

: TQVTDLAKK’I’CDPKQFWDLKDELSMHQMAAQYPANLTLSNTYYFMAAPTLC
'YEFKFPRLLRIRKHFLIKRTVELIFLSF LIAALVQQWVVPTVRNSMKPLSEMEY
; SRCLERLLKLAIPNHLIWLLFFYT FFHSFLNLIAELLRFADREFYRDFWNAETIG

YFWKSWNIPVHRPAVRHIYSPMMRNNFSKMSAFFVVF FVSAFFHEYLVSVPL

| “KIFRLWSYYGMMGQIPLSITDKVVRGGRTGNIIVWLSLIVGQPLAILMYGHD |

WYILNFGVSAVQNQTVGI (SEQ ID NO: 14).
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The Glycine max ACAT EST DNA sequence I is:

AACGGAATTGAGACTCCAGAGAATATGCCAAAATGTA'ITAATAATI‘GTCAv o

CAACTTGGAAGGCTTTTGGAAAAACTGGC ATGC'ITCCTTCAACAAGTGGC_
TTGTGAGGTATATATACATI'CCTCTTGGGGGATCTAAGAAAAAGCTACTA
AATGTGTGGGTTGTTTTCACATTTGTTGCAATCT GGCATGATTTAGAGTGG
AAGCTTCTTTCATGGGCATGGTTGACGTGTTTATTCTTCATCC CTGAGTTG

GTTTT (SEQ ID NO: 15).

The Glycine max ACAT EST DNA sequence 11 is:
GTAAGCTTCAAGAGCTT AGCATANTTCCTGGTTGCCCCTANCATTATGTTA
CCAGCCAANCTATCCTCGCACACCTTATATTCGAAAGGG’ITGGCTGT’I‘TCG :
CCAACTT GTCAACTGATAATA’I-'I‘TACAGGAGTTATGGGA'I"I'I‘ATAATAGAA
CAATACATTAATCCCATTGTACAAAATTCACAGCATCCTCT CAAGGGAAA
CCTT CT'I‘TACGCCATCGAGAGAG’ITCTGAAG (SEQ ID NO: 16).

The Glycine max ACAT EST DNA sequence III is:
GTGGAATGCCAAAACTGTTGAAGA‘I’I‘A’I’I’GGAGGATGTGGAATATGCCTG
TTCACAAATGGATGATCCGCCACCT ATATTTTCCATGTTTAAGGCACGGTA
TACCAAAGGCCGT’I‘GCTCTTTTAATTGCCTTCCTGG’ITCTGC'I"I"[‘A’I"I‘CCAT
GAGCTGT GCATCGCTGTI‘CCTTGCCCACATATTCAAGTNGTGGGT’I‘TCNGN
GGAATTNAGTTTCAGGTNCCTTGGGTTTCNACCNNAATTNNTNGGCNAAA
AAATTCCNNGAACCCCGGGGG (SEQ ID NO:17).

The Glvcine max ACAT EST DNA sequence IV is:

CTGCTTTTGTATCT GG'IGTCACG’ITGATGCTA'I’I‘AACTI_‘GCATI‘GTGTGGTI‘

- AAAATTGGTGTCATATGCACATACAAACTATGATATGAGAGCACTTACT G

TITCGAATGAAAAGGGAGAAACATTACCCAATACTTT GATATGGAGTATC
CGTACACTGTGACCTTCAGGAGTTTGGCATACTTCATGGTTGCTCCTACAT
TATGCT. ATCAGACAAGCTATCCTCGCACACCTT CAGTTCGAAAGGGTI‘GQ
GTGTTTCGTCAACT (SEQ ID NO:18).

The full length human ACAT DNA sequence is: |

. GTCTGGTGTGATGGGGACAGGGAGGGACTTCCCCTT ACCCAGCACTGGTG
30

TTGGCTGAGGTGGGTGCTGAGTCTCAGAGCTT GGCATGGAGACCAGACAG
GGCTGGGTCTGCAAGCCTGAGGCTGCCGCCCT GAGCTCGGGCTGGGACGT
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GCCCAGAGGTGTTGGGAGGATCTGGGGTGAGTACCCT GTGGCCAGGACTA
AAGGGGCTNCACCCTCCTGTCCATCCCTCGCAGATCTT GAGCAATGCCCG
GTTATTTCTGGAGAACCT CATCAAGTATGGCATCCTGGTGGACCCCATCCA

' GGTGGTITCTCTGTTCCTGAAGGATCCCT ATAGCTGGCCCGCCCCATGCCT

GGTTATTGCGGCCAATGTCTTTGC TGTGGCTGCATTCCAGGTTGAGAAGCG
CCTGGCGGTGGGTGCCCTGACGGAGCAGGCGGGACT GCTGCTGCACGTGG
CCAACCTGGCCACCATTCTGTG’I'T'I‘CCCAGCGGCTGTGGTCTTACTGGTTG
AGTCTATCACT: CCAGTGGGCTCCCTGCTGGCGCTGATGGCGCACACCATCC
TCTT: CCTCAAGCTCTTCTCCTACCGCGACG_TCAACT CATGGTGCCGCAGGG
CCAGGGCCAAGGCTGCC’I’CTGCAGGGAAGAAGGCCAGCAGTGCT GCTGCC
CCGCACACCGTGAGCTACCCGGACAATCT GACCTACCGCGATCTCTACTA

| CTTCCTCTTCGCCCCCACCTTGTGCT. ACGAGCTCAACTTI‘CCCCGCTCTCCC

CGCATCCGGAAGCGCTTT CTGCTGCGACGGATCCTTGAGATGCTGTTCTIC -
ACCCAGCTCCAGGTGGGGCTGATCCAGCAGTGGATGGTCCCCACCATCCA
GAACTCCATGAAGCCCTTCAAGGACATGGACTACTCACGCATCATCGAGC
GCCTCCT GAAGCTGGCGGTCCCCAATCACCTCATCTGGCTCATCTTCTTCT
ACTGGCTCTTCCACTCCTGCCTGAATGCCGTGGCTGAGCT CATGCAGTTTG

‘GAGACCGGGAGTTCTACCGGGACTGGTGGAACTC CGAGTCTGTCACCTAC
' TTCTGGCAGAACTGGAACATCCCTGTGCACAAGTGGTGCATCAGACACTT

CTACAAGCCCATGCTTCGAC GGGGCAGCAGCAAGTGGATGGCCAGGACA
GGGGTGTTCCTGGCCTCGGCCTTCTT CCACGAGTACCTGGTGAGCGTCCCT
CTGCGAATGTTCCGCCT CTGGGCG'ITCACGGGCATGATGGCT CAGATCCCA

- CTGGCCT GGTTCGTGGGCCGC’iTTTT CCAGGGCAACTATGGCAACGCAGCT

GTGTGGCTGTCGCTCATCATCGGACAGCCAATAGCCGTCCTCATGTACGTC
CACGACTACTACGTGCTCAACTATGAGGCCCCAGCGGCAGAGGCCTGAGC
TGCACCTGAGGGCCTGGCTTCTCACTGCCACCTCACACCCGCTGCCAGAG

' CCCACCT CTCCT CCTAGGCCTCGAGTGCTGGGGATGGGCCT GGCTGCACA
* GCATCCTC CTCTGGTCCCAGGGAGGCCTCTCTGCCCCTATGGGGCT! CTGTC

CTGCACCCCTCAGGGATGGCGACAGCAGGC CAGACACAGTCI' GATGCCAG

- CTGGGAGTCTT GCTGACCCTGCCCCGGGTCC GAGGGTGTCAATAAAGTGC
R TGTCCAGTGACCT CTTCAGCCTGCCAGGGGCCTGGGGCCTGGTGGGGGGT
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ATGGCCACACCCACAAGGGCGAGTGCCAGAGCTGTGTGGACAGCTGTCCC
AGGACCTGCCGGGGAGCAGCAGCTCCACTGCAGCAGGGCGGGCATGGCC
GGTAGGGGGAGTGCAAGGCCAGGCAGACGCCCCCATTCCCCACACTCCCC
TACCTAGAAAAGCTCAGCTCAGGCGTCCTCT (SEQ ID NO: 19).

The Mortierella alpina ACAT EST DNA sequence is:
GAGNNNNGNAACGTTTAGCCTNCCGTAGCCGCCAAAATCCAAGGGNCNA
CCNACCCTNCGTTANACTNAATTNGAAAATNCNNNCCCAACTTNAGGNAC
TTNNAGNCCCCCCNACTTGACAACGGAGCACTATATTTACCCCGTGGTING
TTCAACCCAGCCATCTCACCCTTGCGAGCATTGGTGCTGCTCTTGATACCC
TTCATGCTTAACTATCTCATGATCTTTTACATCATITTCGAGTGCATCTGCA
ACGCCTTTGCGGAACTAAGTTGCTTTGCGGATCGCAACTTTTACGAGGATT |

' _GGTGGAACTGCGTCAGCTTTGATGAGTGGGCACGCAAATGGAACAAGCCT

GTGCAACACTTCTTGCTCCGCCACGTGTACGACTCGAGCATCCGAGTCC’IT
CCACTT GTCCGAAATCCAATGCCGCNAATTGCAAACGTTCCTTCCCGGTCG
TCAATGCGTTCAACGAACCI’GGGTGAAGAATGGGTGGTGACAACGTTAAA
GTGCGCCCGGTATC (SEQ ID NO: 20).

The mouse ACAT EST DNA Sequence I is:

"TGGAGGACAACGCGGGGTCTGATACGACT CACTATAGGGAATTTGGCCCT

CGAGCAGTAGATTCGGCACGATGGGCACGAGGACTCCATCATG'ITCCTCA
AGCTTTATTCCTACCGGGA-TGTCAACCTGTGGTGCCGCCAGCGAAGGGTC |
AAGGCCAAAGCTGTCTCTACAGGGAAGAAGGTCAGTGGGGCTGCT GCGA
GCAAGCTGTGAGCTATCCAGACAACCT GACCTACCGAGATCT CGATTACT
TCATCTTTGCTCCTACTTTGTGTTATGAACTCAACTTTCCT CGGTCCCCCCG
AATACGAGAGCGCTTTCTGCTACGACGAGTTCTTGAGATGCT CTTTTTTAC -
CCAGCTTCAAGTGGGGCT GATCCAACAGTGGATGGTCCCT ACTATCCAGA
ACTCCATGGAAGCCCTTTCAAGAGCTTCT GCAGTTTTGGAGACCGCGAGTT
CTACAGAGAT’I’GGTGGAATGCTGAGTCTGTCACCGACT’ITI‘GGCAGAACT
GGAATATCCCCGTGG (SEQ ID NO: 21).
The mMouse ACAT EST DNA sequence II ‘is:

CCATGATGGCTCAGGTCCCACTGGCCT GGATTGTGGGCCGATTC’I‘T CCAAG

GGAACTATGGCAATGCAGC TGTGTGGGTGACACTC ATCATTGGGCAACCG
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GTGGCTGTCTCATGTATGTCCACGACTACTACGTGCTCAACTACGATGCCC
CAGTGGGTCATGAGCTACTGCCAAAGGCAGCCCTECC TAACCTGGGCCT G
GAG_TTCTGGAGGGGTTCCTGGCTGCCTGCACACTCCTCCTAGTCTGGGAGG
CCTCTCTGCCCCTATGCGCTACTCCTGCTCTTGGGGATGGCATTTG (SEQ ID
NO: 22)

The full length rat ACAT DNA sequence is:
CACGACTGGGCCGCGACGTGGTGCGGGCCGAAGCCATGGGCGACCGCGG
AGGCGCGGGAAGCTCTCGGCGTCGGAGGACCGGCT CGCGGGTTTCCATCC
AGGGTGGTAGTGGGCCCATGGTAGACGAAGAGGAGGTGCGAGACGCCGC

- TGTGGGCCCCGACTTGGGCGCCGGGGGTGACGCTCCGGCTCCGGCTCCGG

TTCCGGCTCCAGCCCACACCCGGGACAAAGACCGGCAGACCAGCGTGGGC
GACGGCCAC‘T GGGAGCTGAGGTGCCATCGTCTGCAAGACTCTTTGTTCAG
CTCAGACAGCGGTTTCAGCAATTACCGTGGTATCCT GAATTGGTGCGTGGT
GATGCT GATCCTGAGTAATGCAAGG’I'I'ATTI"ITAGAGAATC’IT ATCAAGTA
TGGCATCCTGGTGGATCCCATCCAGGTGGTGTCTCTGTTTCTGAAGGACCC
CTACAGCTGGCCTGCCCCATGCTTGATCATTGCATCCAATATCTTTATTGT
GGCT. ACATTTCAGATTGAGAAGCGCCTGTCAGTGGGTGCCCTGACAGAGC
AGATGGGGCT GCTGCTACATGTGGTTAACCTGGCCACAATTATCTGCTTCC
CAGCAGCTGTGGCCTTACTGGTTGAGTCTATCACTCCAGTGGGTTCCCTGT
TTGCTCTGGCATCATACTCCATCATCTTCCTCAAGCTTTI'CTCCTACCGGGA
TGTCAATCTGTGGTGCCGCCAGCGAAGGGTCAAGGCCAAAGCT GTGTCTG
CAGGGAAGAAGGTCAGTGGGGCTGCTGCCCAGAACACTGTAAGCTATCCG

', GA'CAACCT GACCTACCGAGATCTCTATTACTTCATCTTTGCTCCTACTTTGT

GTTATGAACTCAACTTTCCTCGATCCCCCCGAATACGAAAGCGCTTTCTGC
TACGGCGGGTTCTTGAGATGCTCTTTTTCACCCAGCTTCAAGTGGGGCTGA
TCCAGCAGTGGATGGTCCCTACTATCCAGAACTCCATGAAGCCCTTCAAG

. GACATGGACTATTCACGAATCATTGAGCGTCTCTT AAAGCTGGCGGTCCCC

AACCATCTGATATGGCT CATCTTCTTCTATTGGCTTTT CCACTCATGTCTCA
ATGCT GTGGCAGAGCT CCTGCAGTTTGGAGACCGCGAGTTCTACAGGGAC
TGGTGGAATGCT GAGTCTGTCACCTACTTTTGGCAGAACT GGAATATCCCC

- GTGCACAACTGGT GCATCAGACACTTCT ACAAGCCTATGCTCAGACTGGG
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CAGCAACAAATGGATGGCCAGGACTGGGGTCTTTTTGGCGTCAGCCTTCTT
CCATGAGTACCTAGTGAGCATTCCCCT GAGGATGTTCCGCCTCTGGGCATT
CACAGCCATGATGGCTCAGGTCCCACTGGCCTGGATTGTGAACCGCTTCTT

'CCAAGGGAACT ATGGCAATGCAGCTGTGTGGGTGACACTCATCATTGGGC

AACCGGTGGCTGTGCTCATGTATGTCCACGACTACTACGTGCT CAACTATG
ATGCCCCAGTGGGGGCCTGAGCTACTGCCAAAGGCCAGCCCTCCCTAACC
TGGGCCTGGAGTTCTGGAGGGCTTCCTGGCTGCCTGCACACTCCTCCTAGT
CTGGGAGGCCTCTCTGCCCCTATGGGGCCTACTCCTGCTCTTGGGGATGGC
ACCTGAGTCCAGCTGGTATGAG‘CCAGTGCTGGGAGTCTGTGCTGACCAGG

GGCTGAGGATATC AATAAAGAGCTATCTAAAAAAAAAAAAAAAAAA

(SEQ ID NO: 23).

The rat ACAT protein sequence is:

| MGDRGGAGSSRRRRTGSRVSIQGGSGPMVDEEEVRDAAVGPDLGAGGDAPA

PAPVPAPAHTRDKDRQTSVGDGHWELRCHRLQDSLFSSDSGFSNYRGILNWC
VVMLILSNARLFLENLIKYGILVDPIQVVSLFLKDPYSWPAPCLIIASNIFIVATE
QIEKRLSVGALTEQMGLLLHVVNLATIICFPAAVALLVESITPVGSLFALASYS]
IFLKLFSYRDVNLWCRQRRVKAKAVSAGKKVSGAAAQNTVSYPDNLTYRDL
YYFIFAPTLCYELNFPRSPRIRKRFLLRRVLEMLFFTQLQVGLIQQWMVPTIQN
SMKPFKDMDYSRIIERLLKLAVPNHLIWLIFFYWLFHSCLNAVAELLQFGDRE
FYRDWWNAESVTYFWQNWNIPVHK WCIRHFYKPMLRLGSNKWMARTGVE

- LASAFFHEYLVSIPLRMFRLWAFT AMMAQVPLAWIVNRFFQGNYGNAAVWV
- TLHGQPVAVLMYVHDYYVLNYDAPVGA (SEQ ID NO: 24).

» The Zea mavs ACAT EST DNA Sequence 1 is:
TAATCNAACCTCGNTNCNGGTTCAGCTGTATNCCATGAGATATGTAATGC

_ GGTGCCGTGCCACATANTCANATCTNGGCATNNCNGGGATCATNGTTCAG
- ATACCGNTGGNATTCTTGACAAGATATCTCCATGCTACGTTCAAGCATGTA
- ATGGTGGGCAACATGATANTTTGGNTCTNCAGTATAGTCGGACAGCCGAT
'GTNNNNNNATCTATACTACCATGACGTCATGAACAGGCAGGCCCAGGCAA

GTAGATAGTNCGGCAGAGACATGTACTTCAACATCGANCATCAGNAGCAN

'ACNGAGCGAGCGGCANGAANCAGC (SEQ ID NO:25).
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The Zea mavs ACAT EST DNA Sequence II is:
GAAGTATGGCTTATTAATAAGATCT GGCTTTTGGTTTAATGCTACATCATT
GCGAGACTGGCCACTGCTAATGTGTTGCCTTAGTCTACCC ATATTTCCCCT
TGGTGCATTTGCAGTCGAAAAGTTGGCATTCAACAATCT CATTAGTGATCC
TGCTACTACCT GTI'I‘TCACATCCT’I"I"I‘TACAACATTTGAAATTGTATATCCA
GTGCTCGTGATTCTTAAGTGTGATTCT GCAGTTTTACAGGCTTTGTGTTGAT
GTTTA (SEQ ID NO: 26).

The Zea mays ACAT EST DNA Sequence III is: _
AGAAAATGGAACATGCCT GTGCATAAATGGATTGTTCGTCATATATATTTT
CC'I_TGCATGCGAAATGGTATATCAAAG_GAAGTTG CTGTTTTTATATCGTTC
TTGTTTCT: GCTGTACTTCATGAGTTATGTGTTGCTGTTCCCTGCCACATACT
CAAGTTCTGGGCT TTTTTTAGGAATCATGCTTCAGATTCCCCTCATCATATT
GACATCATACCTCAAAAATAAATTCAGTGACACAATGGTTGGCAATA (SEQ
ID NO: 27).

The Zea mays ACAT EST DNA Sequence [V is:

TGAAGTATGGCTT AT‘_I‘AATAAGATCT GGCTTTTGGTTTAATGCTACATCAT
TGCGAGACT GGCCACTGCTAATGTGTTGCCTTAGTCTACCCATA’I’I‘TCCCC
TTGGTGCATTTGCAGTCGAAAAGTTGGC ATTCAACAATCTCATTAGTGATC
CTGCTACTACCTGTTTTCACATCCTTTTT ACAACAT'ITGAAA'ITGTATATCC
AGTGCTCGTGATTCTTAAGTGTGATTCTGCAGTTTTATCAGGCTTTGIG (SEQ
ID NO: 28). '

In addition to the foregoing, nucleotides 11,702-15,557 of Genbank accession

number 268131 encode the ACAT protein corresponding to GenBank accession number

3873754. Nucleotides 937-10,600 of GenBank accession number 275526 encode the
" ACAT protein corresponding to GenBank accession number 3874043,

S-Adehosvl-L-Methionine-Sterol-CZ'-'t-Methvlt@sferase

A nucleic acid sequerice encoding an Arabidopsis thaliana S-adenosyl-L-

. méthionine-stcrol-C24-meth)_'lufansferase has been published by Husselstein etal. (1996)

FEBS Letters 381: 87-92.

\,

CEAT
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Tocopherol Biosvnthesis in Plants

The plant tocopherol biosynthetic pathway can be divided into four parts:

1. Formation of homogentisic acid, which contributes to the aromatic ring
of tocopherol, from shikimate pathway derived p-hydroxyphénylpyruvate;

2, Synthesis of phytylpyrophosphate, which contributes to the side chainof -
tocopherol from the isoprenoid pathway, and prenyltransfer of the phytyl moiety to the
aromatic ring;

3. Cyclization, which plays a key role in chirality and chromanol
substructure of the vitamin E family; and

4. S-adenosyl methionine-dependent methylation ofthe aromatic ring, which
determines the compositional quality of the vitamin E family produced (a-, B-, y-, or 6-
tocols).

The enzymes variously involved in these biochemical steps are as follows.

'1)_Svnthesis of homogentisic acid

Homogentisate is well known as the aromatic precursor in the biosynthesis of
tocopherols in the chloroplast, and is formed from the aromatic shikimate metabolite
p-hydroxyphenylpyruvate. The aromatic amino acids phenylalanine, tyrosine, and
tryptophan are formed- by a reaction sequence l'eading from the two carbohydrate
precursors, D-erythrose 4-phosphate and phosphoenolpyruvate, via shikimate, to further
prearomatic and aromatic compounds (Bentley 1990, Critical Rev. Biochem. Mol. Biol.
25: 307-384). Approximately 20% of the total carbon fixed by green plants is routed
through the shikimate paihw_ay, with end products being aromatic amino acids and other
aromatic sécoﬁdary metabo_liteﬁ such as flavonoids, vitamins, lignins, alkaloids, and
phenolics (Herrmann 1995, Plant Physiol. 107: 7-12, Kishore and Shah 1988, Ann. Rev.

Biochem., 57: 67-663). Various aspects of the shikimate pathway have been reviewed

(Bentley 1990, Critical Rev Biochem. Mol. Biol. 25: 307-384 Herrmann 1995, Plam
‘Physiol. 107: 7-17 K\shorc and Shah 1988, Aun. Rev. Biochem., 57: 67-663). _
The first committed reaction in theshikimate pathway is catalyzed by the enzyme
3-deoxy-D-arabino- heptulosonate-7-phosphate synthase (DAHP synthase, EC.4.1.2.15),
which controls carbon flow into the shikimate pathway. The p‘lasvtid-localized DAHP
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synthase catalyzes the formation of 3-deoi(y-D-arabino-heptulosonate-7-phosphate by
condensing D-erythrose-4-phosphate with phosphoenolpyruvate. This enzyme has been
isolated and well characterized from plant sources including carrot and potato, has

hlghest substrate specificity for D-erythrose-4-phosphate and phosphoenolpyruvate, is

- a dimer of subunits of Mr = 53,000, and is activated by Mn?" (Herrmann 1995, Plant

Physiol. 107: 7-12, 770). The aromatic Aamino acids are not feed back regulators: the
purified enzyme is activated by tryptophan and to a lesser extent by tyrosine in a hysteric
fashion (Suzic}i et al., 1985, Plant Physiol. 79: 765-770).

The next enzyme in the shikimate pathway, 3-dehydroquinate synthase (EC.
4.6.1 .3), catalyzes the formation of dehydroquinate, the first carbocyclic metabolite in the
biosynthesis of aromatic amino acids, from D-erythrose-4-phosphate  with
phosphoenolpyruvate. The enzyme reaction involves NAD cofactor—dependem
oxidation-reductién, B-elimination, and intramolecular aldol condensation.
3-Dehydroquinate synthase has been purified from Phaseolus mungo seedlings and pea
seedlings, and has a native Mr of 66,000 with a dimer subunit (Yamamoto, 1980,

Phytochem., 19: 779, Pompliano et al., 1989, J. Am. Chem: Soc., 111: 1866).

3-Dehydroquinate dehydratase (EC 4.2.1.10). catalyzes the stereospecific
syn-dehydration of dehydroduinate to dehydroshikimate, and is responsible for initiating
the process of éromatization by introducing the first of three double bonds of the aromatic
ring system. 3-Dehydroquinate dehydratase has not been well studied in plant sources,
but has been cloned from £. coli (Duncan, et al., 1986, Biochem. J., 238: 485).

Shikimate dehvdrogenase (EC 1.1.1.25) catalyzes the NADPH-dependent
conivetsion of dehydroshikimate to shikimate. Bifunctional dehydroquinate dehydratase

(EC 42.1.1 0)-shikimate dehydrogenase has been well stud_led in spinach, pea seedlings,

- and corn (Bentley 1990, Critical Rev. Biochem. Mol. Biol. 25: 307-384, Kishoré and

Shah 1988, Ann. Rev. Biochem., 57:67-663). The E. coli enzyme is a monomeric,
monofunctional protein of Mr 32,000 (Chaudhuri and Coggins, 1985, Biochem. J., 226:
217-223), o f

Shikin_xaie kinase (EC 2.7.1 0 ;:alal_vzes the phosphorylation of shikimate to
shikimate-3-phosphate. ~ Shikimate kinase exists in isoforms in E. coli and S.

nvphimurium, and plant shikimate kinase has been only partially purified from mung bean
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and sorghum (Bentley 1.990. Critical Rev. Biochem. Mol. Biol. 25: 307-384, Kishore
and Shah 1988, Aun. Rev. Biochem.. 57: 67-663).
5-Enolpyruvyl-shikimate-3-phosphate synthase catalyzes the reversible transfer
of the carboxyvinyl moiety of phosphoenolpyruvate to shikimate-3-phosphate, yielding
5-enolpyruvyli-shikimate-3-phosphate, and is one of the'most characterized enzymes of
the aromatic pathway. 5-Enolpyruvyl-shikimate-3-phosphate synthase has assumed
considerable importance as this enzyme is the major target for inhibition by the broad

spectrum, nonselective, postemergence herbicide, glyphosate. Chemical modification

studies indicate that Lys, Arg, and His residues are essential for activity of the enzyme
* (Kishore and Shah 1988, 4nn. Rev. Biochém., 57: 67-663).
5-Enolpyruvyl-shikimate-3-phosphate synthase has been isolated andchemically

and Kinetically well characterized from microbial and plant sources, including tomato,
petunia, Arabidopsis, and Brassica (Kishore ahd'Shah_l988, Ann. Rev. Biochem., 57:
67-663).

Chorismate synthase (EC 4.6.1.4) catalyzes the conversion of 5-enolpyruvyl-

shikimate-3-phosphate to chorismic acid, and introduces the second double bond of the

- aromatic ring in a trans- I ,4-limination of inorganic phosphorous. Chorismate is the last

common intermediate in the biosynthesis of aromatic compounds via the shikimate
pathway. Very little is known about plant cf:orisme’ne synthase. Although the enzyme
reaction involves no change in the oxidation state of the substrate, chorismate synthase
from various sources is unusual in requiring a reduced flavin cofactor, FMNH, or
FADH,, for catalytic activity ((Bentley 1990, Critical Rev. Biochem. Mol. Biol. 25
307?384. Kishore and Shah 1988,_'Ann. Rev. Biochem., 57: 67-663). _

The next enzyme in the tocopherol biosynthetic pathway is chorismate mutase
(EC 5.4.99.5), which catalyzes thé conversion of chorismic acid to prephenic acid.

Chorismic acid is a substrate for a number of enzymes involved in the biosynthesis of

" aromatic con__lpounds.' Plant chorismate mutase exists in two isoforms, chorismate

mutase-1 and chorismate mutase-2. that differ in feed back reg_uiation by aromé;ic amino
acids (Singh et-al., 1985, Arch. Biochem. Biophys.. 243: 374-384, Goers et al., 1984,

- Planta, 162; lO9—1Al 6, and 117-124). It has been suggested that chloroplastic chorismate

- mutase-1' may play a central role in the biosynthesis of aromatic amino acids as this
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enzyme is activated by Tyr and Phe. The cytosolic isozyme chorismate mutase-2 is not
regulated by aromatic amino acids, and may play arole in providing the aromatic nucleus
for synthesis of aromatic secondary metabolites including tocopherol (d'Amato et al.,
1984, Planta, 162: 104-108).

The branching from prephenic acid is extensive, and leads not only to Phe and

Tyr, but also to a number of secondary metabolites. Tyrosine is synthesized from

prephenate via either 4-hydroxyphenylpyruvate or arogenate. Both routes have been

identified in plants, but the enzymes involved in tyrosine biosynthesis via arogenate have
not been cloned or purified to homogeneity (Bentley 1990, Critical Rev. Biochem. Mol.
Biol. 25: 307-384). ‘

The formation of 4—5ydroxyphenylpyruvate from prephenate is catalyzed by
prephenate dehydrogenase (EC 1.3.1.12 (NAD-specific) and EC 1.3.1.13 (NADP
specific)).

4-Hydroxyphenylpyruvate for tocopherol biosynthésis ‘may also come from
tyrosine pool by the action of tyrosine transaminase (EC 2.6.1.5) or L-amino acid oxidase
(EC 1.43.2). Tyrosine transaminase catalyzes the pyridoxal-phosphate-dependent

conversion of L-tyrosine to 4-hydroxyphenylpyruvate. This reversible enzyme reaction

 transfers the amino group of tyrosine to 2-oxoglutarate to form 4-hydroxyphenylpyruvate

and glutamate. L-Amino acid oxidase catalyzes the conversion of tyrosine to
4-hydroxyphenylpyruvate by acting on the amino group of tyrosine, with oxygén as
acceptor. This enzyme is not specific to tyrosine. In E. coli, aromatic amino acid amino
transferase (EC 2.6.1.57), which converts 4-hydroxyphenylpyruvate to tyrosine, plays a

majorrole in Phe and Tyr biosynthesis. An Asp aminotransferase or transaminase A (EC

© 2.6.1.1) -has broad specificity, and will utilize phenylpyruvate of

p-hydroxyphenylpyruvate to form Phe and Tyr, respectively.

The precursor molecule homogentisic acid is produced from the shikimate
pathway intermediate p-hydroxyphenylpyruvate. p-Hydmxyphenyl_pyruyaté‘dioxyg'enasé _
(EC1.13.11.27) catalyzes the formation of homogentisate from hydfoxybhcnylpynn'ate
through an oxidative decarboxylation of the 2-oxoacid side chain of the substrate,
accompanied by hydroxylation of the afomatic ring and a 1.2 migration- of the

carboxymethyl group. Norris etal. reported functional identification of the pds/ géne as
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encoding p-hydroxyphenylpyruvate dioxygénase (Norris et al.; 1995, Plant Cell 7:
2139-2149). p-hydroxyphenyl-pyruvate dioxygenase has been cloned from 4 rabidopsis
and carrot (G:nBank accession # U89267, AF000228,. U87257). Fiedler et al. reported
the localization and presence of this enzyme in both isolated spinach chloroplasts and
peroxisomes. (Fiedler et al., 1982, Planta, 155: 511-515). Garcia et al. purified and
cloned a cytosolic form of hydroxyphenylpyruvate dioxygenase from cultured carrot

protoplasts (Garcia et al., 1997 Biochem. J. 325: 761-769). These reports suggest that

there exists two forms of hydroxyphenylpyruvate dioxygenase in chloroplasts and

peroxisomes: the chloroplastic isoform would be involved in the biosynthesis of

prenylquinones. and the peroxisomal and cytosolic isoform would be involved in the

degradation of tyrosine.

2) Svnthesis of phvtvipyrophosphate andv
phytvl/prenyl! transfer to homogentisate

Carbon flow to phytol occurs via plastidic, non-mevalonate (Rohmer) and
cytosélic, mevalonate pathways. Géranylgeranylpyrophosphate synthase (EC 25.1.29)
catalyzes the formation of geranylgeranylpyrophosphate by condensation of isoprene
moieties. The gene encoding geranylgeranylpyrophosphate synthase has been cloned
from Arabidopsis and Cantharanthus roseus (Zhu et al., 1997, Plant Cell Physiol. 38:
357-361; Bantignies etal., 1995, Plant Phvsiol. 110: 336-336). This enzyme-synthesized
gefanylgeranylpyrophosphate pool splits for use in carotenoid and tocopherol
biosynthesis, as well as for other isoprenoid COmpoﬁnds.

The NADPH-dependent hydrogenation of geranylgeranylpyrophosphate is
catalyzed by geranylgeranylpyrophosphate hy&rogenase (no EC number available, also
called geranylgeranylpyrophosphate reductasé) to form phytylpyrophosphate (Soll et al.,

- 1983, Plant Physiol. 71: 849-854). This eﬁzyme appears to be localized in two sites: one
. inthe chloroplast envelope for the hydrogenation of geranylgeranylpyrophosphate to the

phytyl moiety, and the other in the thylakoids for the stepwise reduction of chlorophyll

. esterified with geranylgeraniol to chlorophyll esterified with phytol. The chloroplast

envelope-located geranylgeranylpyrophosphate hydrogenase has been implicated to play -

a role in tocopherol and phylloquinone synthesis. The ChiP gene cloned from
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. Synechocystis has been functionally assigned, by complementation in Rhodobactor

sphaeroides, to catalyze the stepwise hydrogenation of geranylgeraniol moieties to phytol -

moieties (Addlesse et al., 1996, FEBS Leu. 389: 126-130).
Homogentisate:phyty! transferase (no EC number available) catalyzes the

decarboxylation, followed by condensation, of homogentisic acid with the phytol moiety

-of phytylpyrophosphate to form 2-methyl-6-phytyl-benzoquinol. The existence of this

prenyltmsferase activity has been demonstrated in spinach chloroplasts, and the activity
isbelieved to be located in chloroplast envelope membranes (Fiedleret al., 1982, Planta,
155: 511-515). A possible prenyltransferase gene, termed the pds/I mutant, specific to A
tocopherol biosynthesis, has been identified by Norris et al. from a T-DNA-taggéd
population of Arabidopsis (Norris et al.. 1995, Plant Cell 7: 2139-2149).

Tocopherol cyclase catalyzes the cyclization of 2,3-dimethyl-S-phytyl- -

benzoquinol to form y-tocopherol. and plays a key role in the biosynthesis of the
enantioselective chromanol substructure ofthe vitamin E subfamily (Stocker et al., 1996,
Bioorg. Medic. Chem. 4: 1129-1134). Regarding its substrate specificity, it is not clear
whether the enzyme prefers 2,3-dimethyl-5- phytylbenzoquinol or
2-methyl-6-phytylbenzoquinol. If the enzyme is specific to the former substrate, then
2-methyl-6 phytylbenzoquinol formed from prenyl-transferase requires methylation by

an S-adenosyimethionine-dependent methyltransferase prior to cyclization. Tocopherol

‘cy'ciase has been purified from the green algae Chlorella protothecoides and Dunaliella

salina, and from Wheat leéves (U.S. Patent 5,432,069).

4) Methvlation - 4
Synthesis of y-tocopherol from 2-methyl-6-phytylbenzoquinol occurs by two
pathways, with “either &-tocopherol or 2,3-dimethyl-5-phytylbenzoquinol as an

intermeédiate. a-tocopherol is then synthesized from y-tocopherol in the final methylation

“step with S-adenosylmethionine. All the steps of a-tocopherol biosynthesis are located

in the chloroplast membrane in higher plants. Formation of a-tocopherol from other

tocopherols occurs due to S-adenosylmethionine (SAM)-dependent y-tocopherol
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methyltransferase (EC 2.1.1.95). This enzyme Has been partially purified from Capsicum
and Euglena gracilis (Shigeoka et al., 1992, Biochim. Biophys. Acta, 1128: 220-226,
d’Harlingue and Camara, 1985, J. Biol. Chem. 260: 15200-15203).

Biosvnthesis of tocotrienols

The tocotrienols are similar to the tocopherols in molecular structure, except that
there are three double bonds in the isoprenoid side chain. Although tocotrienols are not
detected in soybean, they are widely distributed in plant kingdom. The tocotrienol
biosynthetic pathway is similar to that of tocopherol up to the formation of homogentisic
acid; the subsequent biosynthetic pathway leading to tocotrienols is not known. One of
two possibilities is that the phytyl/prenyltransferése is able to transfer GGPP
(geranylgeranylpyrophosphate) to homogentisic acid, and the other possibility is that the
side chain is desaturated after the addition of phytylpyrophosphate to homogentisate.
However, evidence from a study by Stocker indicates that reduction of the side chain's
double bond occurs at an earlier stage of the biosynthesis, that is, either
phytylpyrophosphate or‘GGPP (geranylgeranyl-pyrophosphate) is condensed with HGA
(homogentisic acid) to yield difTerent-hydroquinone precursors that are cyclized by the .
same enzyme (Stocker, A., Fretz, H., Frick, H., Ruttimann., and Woggon, W.-D. Bioorg:
Medicinal Chem., 1996, 4: 1129-1134).

Tocopherol catabelism
The catabolism of tocopherol in plants is not well studied, and no enzyme in the

catabolic pathway has been. characterized. In humans, ingested tocopherols are

‘metabolized in the liver. The primary oxidation product of tocopherol is tocopheryl

quinone, which can be conjugated to yield the glucuronate after prior reduction to the
hydroquinone. The glucuronate can be ex'creted into bile, or further catabolized 'tol :
tocopheronic acid in the kidney and processed for uﬁqary excreﬁon (Traber, and Sies,
Ann. Rev. Nutr. 1996, 16: 321-347).

In Aspergillus nidulans, aromatic amino acid catabolism involves the formation
of homogentisic "acid followed by aromati_c ring cleavage by homogentisic acid

dioxygenase (EC 1.13.11.5) to vield, after an isomerization step, fumarylacetoacetate,
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which is split by fumarylacetoacetate (Féemnandez-Canon and Penalva, 1995, J. Biol.

Chem., 270: 21199-21205). Homogentisic acid dioxygenase uses the important

tocopherol biosynthetic metabolite homogentisic acid for hydrolysis. Thus. use of this

gene in an antisense mode could be employed to increase the pool of homogentisic acid.

Regulation of tocopherol biosynthesis

‘ Tocopherol levels vary in different plants, tissues, and developmental stages,

v indicating a highly regulated biosynthetic pathway. The production of homogentisic acid

by p-hydroxyphenylpyruvate dioxygenase is likely to be a key regulatory point for bulk

flow through the pathway because of imreversible enzyme action and because

-‘homogentisic acid production is the first committed step in tocopherol biosynthesis

(Norris et al., 1995, Plant Cell 7: 2139-2149). The other key regulatory step in
tocopherol biosynthesis is the availability of the phytylpyrophosphate pool. Feeding
studies (Fury et al., 1987, Phytochem., 26: 2741-2747) in safflower callus culture

demonstrated 1'.8'-fold and . 18-fold increases in tocopherol synthesis by feeding

- homogentisate and phytol, respectively. In meadow rescue leaf, vitamin E increases in

the initial phase of foliar senescence when phytol is cleaved off from the chlorophylisand
when free phyfol is available (Peskier et al., 1989, J. Plant Physiol. 135:428-432). These
reports suggest tight coupling of tocopherol biosynthesis to thé availability of
homogentisic acid and phytbl.

A summary of the enzymes involved in tocopherol biosynthesis is provided in
Table 2.
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Table 2

Enzvmeé of the Tocogherol Biosvnthetic Pathwayv

Enzvme

3-Deoxy-D-arabino-heptulosonate-
7-P-synthase (DAHP synthase)

3-Dehydroquinate synthase
3-dehydroquinate dehydratase
Shikimate dehydrogenase

Sﬁikimate kinase

S-enoylpyruvyl-shikimate—3-P-synthase
(EPSPS)

Chorismate synthase .

‘Chorismate mutase

Prephenate dehydrogenase
Prephenate dehydrogenase
Tyrosine transaininase

Aromatic amino acid transaminase
Transaminase A

L-Armino-acid oxidase

4-Hydroxyphenylpyruvate dioxygenase
(HPD or OHPP) .

Homogentisic acid dioxygenase

Geranylgeranylpyrophosphate synthase
(GGPP Synthase)

EC Number
41.2.15

4.6.1.3

4.2.1.10
1.1.1.25
27.1.71

25.1.19

4.6.1.4
5.4.99.5
1.3.1.12
1.3.1.13
2.6.1.5

2.6.1.57
2.6.1.1

1.432

1.13.11.27

1.13.11.5

2.5.1.29
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Table 2 (Continued)
Enzvmes of the Tocopherol Biosvnthetic Pathwav

Enzyme EC Number
Geranylgeranylpyrophosphate hydrogenase no EC#
(GGH)

Homogentisate:phytyl transferase no EC#

(Phytyl/Prenyltransferase)

2-methy]-6-phytylb_enzoquinol methylase no EC#
Tocopherol cyclase ‘noEC#
' S-adenosyl methionine (SAM)—dependent' : 2.1.1.95

Y-tocopherol methyltransferase
(GTMT or tocopherol O-methyltransferase)

Nucleic acids (genomic DNA, plasmid DNA, cDNA, synthetic DNA, mRNA,
etc.) encoding enzymes listed in Table 2 above, or amino acid sequences of the purified
enzymes, which permit design of nucleic acid probes facilitating the isolation of DNA
coding sequences therefor, are known in the art and are available for use in the methods
of the present invention as variously indicated by the GenBank accessions listed in Table
3.

1. DAHP svnthase (EC 4.1.2.15)

A. thaliana 3-deoxy-D'-arabino-heptulosonate-7-p'hosphate synthase (DHS1) mRNA,

- complete cds :
- gi|166687|gbiM74819"

E. coli aroF gene for DAHP synthase (Tyr), complete codfng sequence -
gi|145361|gbiK01989 :

S. cerevisiae aro4 gene for DAHP-Synthase (EC 4.1.2.15)
gi|416186jemb|X61107
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Table 3 (Continued)
2. 3-Dehvdroquinate synthase (EC 4.6.1.3)

Pseudomonas aeruginosa dehydroquinate synthase (aroB) gene, partial cds
g1|309861|gblL.13866

E. coli aroB gene for 3-dehydroquinate synthase (EC 4.6.1.3)
g1/40967|emb{X03867

3. 3-Dehvroquinate dehvdratase (4.2.1.10)

Nicotiana tabacum (clone: SP-3) dehydroquinate dehydratase/shikimate dehydrogenase

" (aroD-EymRNA, 3' end gij535770]gb|L32794

Neisseria gonorrhoeae dehydroquinate dehydratase (aroD) gene and recA gene, partial
cds
gi]1143313|gb{U39803

4. Shikimate dehydrogenase (EC 1.1.1.25)

E. coli aroE gene for shikimate dehydrogenase (EC 1.1.1.25)
£i|40977emb{Y00710

Neisseria meningitidis shikimate dehydrogenase (aroF) gene, complete cds
gij1785881|gbjU82835

5. Shikimate kinase (EC 2.7.1.71)

E. coli shikimic acid kinase I (aroK) gene. complete cds
8i|662834|gb|.39822

E. coli aroL gene for shikimate kinase II (EC 2.7.1.71)

L. esculentum mRNA for shikimate kinase precursor
£i|19348|emb[X63560

6. EPSP Svnthase (EC 2.5.1.19)

Petunia 5-enolpyruvylshikimate-3-phosphate synthase (EPSP synthase) gene, 5' end
gnll69712|gblM37079

E: coli gene aroA for 5-enolpyruvylishikimate 3‘phos'phate synthase (EPSP synthase, EC

2.5.1.19, alternative name 3-phosphoshikimate 1-carboxyvinyltransferase)
£i}40965)emb|X00557

AL R T
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Table 3 (Continued) -~

Brasszca napus 5-enolpyruvylshikimate-3-phosphate synthase gene
gil17814jemb|X51475

Z. mays mRNA for EPSP-synthase
gi|1524382|emb|X63374

‘7. _Chorismate svnt}Ilase {EC4.6.14)

L. esculentum chorismate synthase 2 precursor
gi[410483jemb|Z21791]

L. esculentum chorismate synthase | precursor
gi|410481jemb|Z21796 _

E. coli aroC gene for chorismate synthase (EC 4.6.1.4)
gi}40969]emb|Y 00720

8. Chorismate mutase (5.4.99.5)

A. thaliana mRNA for chorismate mutase
gi}429152]emb|Z26519

E. coli chorismate mutase/prephenate dehydratase (pheA) gene, 5' end of cds, and leader
peptide, complete cds gi|147178|gb|M 58024

9._Prephenate dehvdrogenase (1.3.1.12 and 1.3.1.13)

Erwinia herbicola prephenate dehydrogenase (nvr4) gene, partial cds

© gil415009|gb|M74135

10. Tyro sine transaminase (2.6.1.5)

E. coli K12 1yrB gene encoding ammotransferase complete cds
£i]148084|gb|M 12047

_ H. sapiens mRNA for tyrosine aminotransferase
gi|37501|emb|X55675

11, 4-Hvdroxyghenvlgvruvate dioxvgenase (l.li_!.ll.27)

Hordeum vulgare mRNA for 4-hydroxyphenylpyruvate dioxygenase
£i]2695709]embjAJ000693 .
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Table 3 (Continued)

H. sapzens mRNA for 4-hydroxyphenylpyruvate dioxygenase

.81[288104/emb)X72389

Daucus carota 4-hydroxyphenylpyruvate dloxygcnase mRNA. complete cds
gij2231614|gbjUus7257

Mycosphaerella'graminicola 4-hydroxyphenylpyruvate dioxygenase (HPPD) gene,

complete cds
£12708689]gb]AF038152

- 12._Geranylgeranvi dehvdrogenase

Synechocystis sp. PCC6803 chiP gene
gi]1332618jemb|X97972

13. Geranylgeranyl pyrophosphate synthase (2.5.1.29)

Arabidopsis thaliana mRNA for geranylgeranyl pyrophosphate synthase, panial cds

£i]1944370]db;|D85029

E. herbicola phytoene synthase (cr1E) gene, complete cds
gi/148399|gb|M38424

In addition to the foregoing, the following GenBank accessions should also be
noted: P20049, P20692. P43901, 415010, 683582, §$52579, 1653053, and 2634679
(prephenate dehydrogenase protein sequences); M74135, X78413, X60420, D90888,
D90910,D89213,Z299115, and AE000638 (prephenate dehydrogenase nucleotide codmg
sequences); 810887 XNECY, XNRTY, and S33857 (tyrosine transaminase protein
sequences);- Q00667, Q93099, and 2708690 (4-hydroxyphenylpyruvate dioxygenase
protein seqvu'ences); U63008, AJ001836, U30797, 275048, US8988, and AF000573 -
hydroxyphenylpyruvate dioxygenase nucleotide coding sequences); JC5197 and XNECY
(aromatic amino acid transaminase protein sequences); A05068, XNECD XNRTDM
and XNHUDM (transammase A protein sequences); 684996, S62687, S62692, and
2370457 (amino acid oxidase protein sequences) 'Z48565, AF027868, Z99114 and

U78797 (amino acid oxidase nucleotide coding sequmm) PCT Imemanonal
‘Publication . WO 97/27285 dislcoses c¢DNA encoding Arabidopsis  4-

hydroxyphen_ylpyruvatc dioxygenase (HPD or OHPP). Further sources include F uqua

"L heal e
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et al. (1991) Gene 109: 131-136, and Ruzafa et al. ( 1‘994) FEMS Microbiology Letters
124:179-184. U.S. Patent 5,432,069 discloses purified, homogeneous tocopherol cyclase
isolated from Chiorella protothecoides, Dunaliella salina, and wheat leaves

The DNA sequence encoding geranylgeranylpyrophosphate hydrogenase in maize
(SEQ ID NO: 29) is as follows:
GAATTCGGCT CGAGGGCGGC GGCTGCGGGT GGCGGTGGTG GGAGGCGGCC
CCGCCGGTGG CGCCGCGGCG GAGGCGCTGG CCAAGGGCGG CGTGGAGACG
GTGCTGATCG AGCGGAAGAT GGACAACTGC AAGCCCTGCG GCGGCGCTAT
CCCGCTGTGC ATGGTGTCGG AGTTCGACCT GCCGCTCGAC CTCGTGGACC
GCAAGGTGAG GAAGATGAAG ATGATTTCGC CGTCCAACGT CGCCGTCGAC
ATCGGCCGCA CGCTCGCGCC CCACGAGTAC ATCGGGATGG TCAGGCGCGA
GGTGCTCGAC GCCT ACCTCCGCTCACGGGC ACAGTCCGTC GGCGCGGAGG
TCGTCAACGG CCTCTTCCTA AGGTACGAGG CGCCCAAAGA GCCGAACGGC
TCGTACGTGG TGCACTACAA CCACT ACGACGGCAGCAACG GCAAGGTCGG
CGGCGAGAAG CGGTCGTTCG AGGTGGACGC GATCGTGGGC GCGGACGGCG
CCAACTCTCG CGTGGCCAAC GACATGGGCG CGGGCGACTA CGAGTACGCC

- ATCGCGTTCCAGGAGCGCGT CAAGATCCCC GACGACAAGA TGGTGTACTA

CGAGGAGCGC GCGGAGATGT ACGTCGGCGA CGACGTCTCT CCCGACTTCT
ACGGCTGGGT GTTCCCCAAG TGCGACCACG TCGCCGTCGG CACCGGCACC
GTCACGCACA AGGCCGACAT CAAGAAGTTT CAGGCCGCCA CGCGCCTCCG
CGCCAAGGAC AAGATTGAGG GCGGCAAGAT CATCCGCGTCGAGGCGCACC
CCATCCCCGA GCACCCCAGGCCT. AAGAGGG TGTC CGGGCG GGTGACGCTT

- "GTGGGCGATGCCGCGGGGTA CGTGACCAAG TGCT Cl' GGCGAGGGCATCTA

CTTCGCGGCGAAGAGCGGGC GGATGTGCGC C GAGGCCATC GTGGCGGGCT
CCGCCAACGG GACGCGGATG GTGGAGGAGA GCGACCTGCGCAAGTACCTG
GCCGAG'ITC G ACCGCCT CTA CTGGCCCACT TACAAGGTGC TGGACATCCT
GCAGAAGGTG TTCTACCGCT CCAACGCGGC GCGCGAGGCC TTCGTGGAGA
TGTGCGCCGA CGACTACGTG CAGAAGATGA CCTTCGACAG CTACCT CTAC
AAGCGCGTCGTGCCGGGCAA CCCGCT CGAC GACATCAAGC TCGCCGT CAA
CACCATCGGC AGCCTCGTCA GGGCCACCGCACT GCGCCGG GAGATGGAGA

AGGTCACCTT GTGAGCCGCC GCCCGCCACCTCATTGCCGT CGAAATGGTG
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TCGCAGCTGA TCGGCCGGTG TATTAGTAGA GATTTGCGGC TGATCGGGTT
AATTTAGGCCAACATGCGTG GGCAGTGGGC GCGGAGAGGA AGAGAAACAA

‘GTTGTGCAAG TGCAGCAAGT AGATCAAAAG TGCTGCCTGT TTGTATCGAT

GGATCCTGCA ACATATAGCA TCTGGTGATG TTGAGAATTC GGAGCAGTTC

ATCGACTGGA TTCTGACGCC GGCAAGCATC GACGTCAATG AATGTCTAAT
' ACTTAGTACA TCAAGACATG TAATAAAACT GAAACTCCCC CGTTCTGGTT

- CAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGGGCGGCCGC

The amino acid sequence deduced from SEQ ID NO: 29 is:
LRVAVVGGGP AGGAAAEALA KGGVETVLIE RKMDNCKPCG GAIPLCMVSE
.FDLPLDLVDR KVRKMKMISP SNVAVDIGRT LAPHEYIGMV RREVLDAYLR .
SRAQSVGAEV VNGLFLRYEA PKEPNGSYVV HYNHYDGSNG KVGGEKRSFE
VDAIVGADGA NSRVANDMGA GDYEYAIAFQ ERVKIPDDKM VYYEERAEMY
VGDDVSPDFY GWVFPKCDHV AVGTGTVTHK ADIKKFQAAT RLRAKDKIEG
GKIIRVEAHP IPEHPRPKRV SGRVTLVGDA AGYVTKCSGE GIYFAAKSGR
MCAEAIVAGS ANGTRMVEES DLRKYLAEFD RLYWPTYKVL DILQKVFYRS
NAAREAFVEM CADDYVQKMT FDSYLYKRVV PGNPLDDIKL AVNTIGSLVR
ATALRREMEK VTL*AAARDV IAVEMVSQLI GRCISRDLRL IGLI*ANMRG
QWARRGRETS CASAASRSKV LPVCIDGSCN I*HLVMLRIR SSSSTGF*RR

QASTSMNV*Y LVHQDM**N* NSPVLVQKKK KKKKKKKKGG R (SEQ ID NO:

30)
The DNA sequenée of SEQ ID NO: 29 can be used in any of the plants described

-~ in the present invention and in particular is useful for the alteration of tocopherol levels.

In addition to the foregoing sterol compound and tocopherol biosynthetic enzyme DNA
coding sequences, DNA coding sequences useful in the present inventior can be derived
from algae, fungi, bacteria, mammalian sources, plants, etc. Homology searches in

existing databases using signature sequences corresponding to the active sites of enzymes

- can be employed to isolate’ equi\}alent, related ‘genes from other noted sources, for

30

‘example plants and microorganisms. Searches in EST databases can also be employed.
Furthermore, the use of DNA sequences encoding the enzymes disclosed herein, or DNA

encoding enzymes functionally enzymatically equivalent to the presently disclosed
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enzymes, for example DNA sequences that are degenerate eqﬁivalents of the nucleic acid
sequences disclosed herein in accordance with the degeneracy of the genetic code, is also
encompassed by the present invention. Demonstration of the functionality of ‘coding
sequences identified by any of these methods can be carried out-by complementation of
mutants of appropriate organisms, such as .S‘_vneéhoc:vstis, Shewanella, yeast,
Pseudomonas, Rhodobacteria, etc., that lack specific biochemical reactions, or that have
been mutated. The sequences of the DNA coding regions can be optimized by gene
resynthesis, based on codon usage, for maximum expression in particular hosts.

Also encompassed by the present invention are nucleotide sequences biologically
functionally equivalent to those disclosed herein, that encode conservative amino acid
changes within the amino acid sequences of the presently-disclosed enzymes, producing
“silent” changes therein. Such nucleotide sequences contain cormresponding base

substitutions based upon the genetic code compared to the nucleotide sequences encoding

the presently disclosed enzymes. Substitutes for an amino acid within the enzyme

sequences disclosed herein can be selected from other members of the class to which the
naturally occurring amino acid belongs. Amino acids can be divided into the followihg
four groups: (1) acidic amino acids; (2) basic amino acids; (3) neutral polar amino acids;
and (4) neuuﬁl non-polar amino acids. Representative amino acids within these various

groups include, but are not limited to: (1) acidic (negatively charged) amino acids such

- as aspartic acid and glutamic acid; (2) basic (positively charged) amino acids such as

arginine, histidine, and lysine; (3) neutral polar amino acids such as glycine, serine,

threonine, cysteine, cystine, tyrosine, asparagine, and glutamine; and (4) neutral nonpolar

- (hydrophobic) amino acids such as’ alanine,. leucine, isoleucine, valine, proline, -

'phenylalanine, tryptophan, and methionine.

Transformation. of plants with structural DNA coding sequences that permit
overexpression of enzymes that enhance the pools of substrates which contribute to the

tocol and the phytol moieties of tocopherols and toédtrienqls can be used to increase the

 biosynthetic activity of the tocopherol pathway, and can lead to increased production of

particulartocopherol isomers, such as. for example, a-tocopherol, etc. One obj ective, for
example. is to express coding sequences that enhance carbon flux for the formation of

homogentisaté and phytol, as well as those that encode methyl transferase(s) in oil
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accixmulating tissues of plants. Formation of a-tocopherol from other tocopherols occurs
dueto S-adenosylmethionine (SAM)-debendcnt methylases such as y-tocopherol methyl
transferases. OQerexpression of methyl transferaseS in combination with Ithe otﬁer
approaches described herein is also contemplated in the present methods. Thus, any of _
the DNAs encoding enzymes of the tocopherol biosynthetic pathway, discussed above,
are useful in the present invention. Transformation of plants with an early tocopherol
biosynthesis gene is sufficient to produce seeds having an elevated level of tocoﬁherols.
By "early tocopherol biosynthesis gene" is. meant DNA encoding
geranylgeranylpyrophosphate synthase, geranylgeranylpyrophosphate hydrogenase, 4-
hydroxyphenylpyruvate dioxygenase, and phytyl/prenyl t'rahsferase. DNA encoding
enzymes active in later steps of tocopherol biosynthesis ("secondary tocopherol
biosynthesis genes") can be expreséed to enhance carbon flux tﬁrough the tocopherol

pathway even further, and to produce specific tocopherol isomers. In this way, the

Atocopher’ol biosynthetic pathway can be modified to enhance production of any

tocopherol compound of interest, such as -tocopherol. As noted above, a variety of
sources are available for the early tocopherol biosynthesis genes (and other tocopherol

biosynthesis genes), and a gene from any of these sources can be utilized. Ifco-
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suppression occurs when a plant gene native to the targél host plant is used to increase
expression of a particular enzyrhe. a coding sequence from another source can be used
as an alternative.

Oil comprising the tocopherols produced by the methods disclosed herein can be
extracted from seeds to provide a valuable source of tocopherols. Alternatively, seeds
with increased levels of tocopherols, or fruits and vegetables with increased levels of
tocopherols, can be used directly. Preferred genes for introduction into plants to alter
tocopherol quantity/quality include 3-deoxy-D-arabino-heptulosonate-7-P synthase

(DAHP synthase), shikimate kinase, either or both of the prephenate dehydrogenases, 4-

‘hydroxy-phenylpyruvate dioxygenase (OHPP or HPD), y‘-tocopherol methyltransferase

(GTMT), geranylgeranylpyrophosphate synthase (GGPP synthase),
geranylgeranylpyrophosphate hydrogenase (GGH), phytyUprenyltransferase, 2-methyl-6-
phytylbenzoquinol. methyl transferase, and tocopherol cyclase. 4-hydroxy-
phenylpyruvate dicoxygenase and geranylgeranylpyrophosphate hydrogenase will

increase the homogentisate and phytol pools, respectively. Enzymes that control fluxes’

- through pathways are well known to be regulated in higher organisms such as plants.

Therefore, 4-hydroxyphenylpyruvate diooxygenase and geranylgeranylpyrophosphate
hydrogenase genes of microbial origin which are not subject to regulation in plants, or
those from higher organisms (plants, algae, fungi, etc.) that are deregulated. are especially
attractive in this regard. - Overexpression of enzymes such as 3-deoxy-arabino-

heptulosonate 7-P (DAHP) synthase, prephenate dehydrogenase, and shikimate kinase

would lead to increases in the levels of homogentisate. DNA encoding any of the ,

tocopherol biosynthetic enzymes discussed herein can be introduced alone or in various
combinations to enhance tocopherol quantity and/or alter tocopherol quality. When
introductioﬁ of multiple enzymes is desirable, preferred combinations include, but are not
limited to, J-hydroiyphcnylpymvz_ne dioxygenase (OHPP or | HPD) plus
geranylgeran_vlpyro-;-)hosphate hydrogenase‘(GGH), and gemnylgemnylpymphosphate

'synthase (GGPP synthase) plus geranylger’anylpyrophbsphate hydrogenase (GGH).

To -increase tocotrienol levels, antisensing geranylgeranylpyrophosphate,

hydrogenase can lead to increased pools of geranylgeranyl-pyrophosphate. Suchelevated -
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pools of geranylgeranyipyrophosphate can be used by a phytyl/preny! transferase to lead

to increased production of tocotrienols.

_Production of Transgenic Plants Producing Modified Levels

of Sterol and Tocopherol Comgound

Sitostanol,. sitostanol ester, and tocopherol biosynthesis and accumulation in
plants can be modified in accordance with the present invention by variously expressing
the nucleic acid coding sequences discussed above, alone or in combination, as described
herein. The expression of sequences encoding sterol methyltransferases facilitates the
produélion of plants in which the biosynthesis and accumulation -of campesterol,
campestanol, and their esters can be reduced as these enzymes shunt sterol intermediates
away from campesterol, and toward sitosterol and sitostanol. Note Scheme 1, step 18 in

plants. Methods therefor are discussed below.

Plant Vectors

Inplants, transformation vectors capable of introducing encoding DNAs involved
in sterol compound and tocopherol biosynthesis are easily designed, and generally
contain one or more DNA coding sequences of interest under the transcriptional control
of 5" and 3' regulatory sequences. Such vectors generally comprise, operatively linked
in sequence in the 5' to 3' direction, a promoter sequence that directs the transcription of
a downstream heterologous structural DNA in a plant; optionally, a 5' non-translated

leader sequence; a nucleotide sequence that encodes a protein of interest; and a3

non-translated region that encodes a polyadenylation signal which functions if plant cells

to cause the termination of transcription and the addition of polyadenylate nucleotides

- to the 3' end of the mRNA encoding the protein. Plant transformation vectors also

generally contain a selectable marker. Typical 5'-3' regulatory sequences include a

transcription initiation start site, a ribosome binding site, an RNA processing signal, a

_ transcription termination site, and/or a polyadenylation signal. Vectors for ‘plant

transformation have been reviewed in Rodriguez et al. (1988) Vectors: A Survey of
Molecular Cloning Vectors and Their Uses, Butterworths, Boston: Glick et al. (1993)

- Methods in Plant Molecular Biology and Biotechnology CRC Press, Boca Raton, Fla;
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and Croy (1993) In Plant Molecular Biology: Labfax, Hames and Rickwood, Eds., BIOS
Scientific: Publishers Limited, Oxford, UK. Non-limiting examples of plant
transformation ‘vectors useful in the present invention include pMON30423,
pMON29141, pMON43007, pCGN5139, and pMON43011. shown in Figures 1-5,

respectively.

Target Tissues
Appropriate target tissues of plants for enhanced production of sterol compounds

such as sitosterol, sitosterol esters, sitostanol, sitostanol esters. and tocopherols, and

reduced production of campesterol, campestanol. and esters thereof, include, but are not

limited to, fruits, flowers, seeds, roots, tubers. leaves, stems. buds, and other vegetable

parts of plants. Within seeds, appropriate organ compartments include the embryb, the
endosperm, and the aleurone layer. Within any of the noted target tissues, appropriate
cellular compartments include, but are not limited to, the cell cytoplasm and-plastids

(e.g., prdplastids, chloroplasts, chromoplasts, leucoplasts, amyloplasts, etc.).

Promoters

Promoters useful in the present invention include those that confer appropriate
cellular and temporal specificity of expression. Such promoters include those that are
constitutive or inducible. environmentally- or developmentally-regulated, or orgzinelle-,
cell-, or tissue-specific.

Often-used constitutive promoters include the CaMV 35S bromoter (0déll etal.

. (1985) Nature 313: 810), the enhanced CaMV 35S promoter, the Figwort Mosaic Virus -

(FMV) promoter (Richins et al. (1987) NAR 20: 8451), the iriannopine symhaéé (mas)
promoter, the nopaline synthase (nos) promoter, and the octopine synthase (ocs)
promoter. '

Useful inducible promoters-include heélt-sho'ck promote}s (Ou-Lee et al. (1986)

~ Proc. Natl. Acad. Sci. USA 83: 6815; Ainley et al. (1990) Plant Mol. Biol. 14: 949), a

nitrate-inducible promoter derived from the spinach nitrite reductascgené (Back et al.
(1-991') Plant Mol. Biol. 17: 9), hormone-inducible promoters (Yamaguchi-Shinozaki et
al. (1990) Plan: Mol. Biol. 15: 905; Kares et al. (1990) Plant Aol Biol. 15: 905).-and
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light-inducible promoters associated with the small subunit of RuBP c:irboxYlase and
LHCP gene families ('Kuhlemeﬁer etal. (1989) Plant Cell 1: 471; Feinbaum et al. (1991)
Mol. Gen? Gener. 226: 449; Weisshaar et al. (1991) EMBOJ. 10: 1777; Lam and Chua
(1990) Scieﬁce 248:471; Castresana et al. (1988) EMBOJ. 7: 1929; Schulze-Lefert et al.
(1989) EMBO J. 8: 651). '
Example§ of useful tissue-specific. developmentally-regulated promoters include
ﬁuit-speciﬁcvpromoters such as the E4 promoter (Cordes et al. (1989) Plant Cell 1:1025),
the - E8 promoter (Deikman et al. (1988) EMBO J. 7: 3315), the kiwifruit actinidin
promoter (Lin et al. (1993) PNAS 90: 5939), the ZAH promoter (Houck et al., U.S.

~Patent 4.943,674). and the tomato pZ130 promoter (U.S. Patents 5,175, 095 and

5,530,185); the B-conglycinin 7S promoter (Doyle et al. (1986)J. Biol. Chem. 261: 9228;
Slighton and Beachy (1987) Planta 172: 356), and seed-specific promoters (Knutzon et
al. (1992) Proc. Natl. Acad. Sci. USA 89: 2624; Bustos et al. (1991) EMBOJ 10: 1469;
Lam and Chua (1991) J. Biol. Chem. 266: 17131, Stayton et al. (1991) Aust. J. Plant.
Physiol. 18: 507). Fruit-specific gene regulation is discussed in U.S. Patent 5,753,475.

-Other useful seed-specific promoters include, but are not limited to, the napin, phaseolin,

© zein, soybean trypsin inhibitor, 7S, ADR12, ACP, stearoyl-ACP desaturase, oleosin,

Lasquerella hydroxylase, and barley aldose reductase promoters (Bartels (1995) Plant
J. 7: 809-822), the EA9 promoter (U.S. Patent 5,420,034), and the Bce4 promoter (U.S.
Patent 5,530,194). Useful embryo-specific promoters include the corn globuilin 1 and
oleosin promoters. Useful endosperm-specjﬁc promoters include the rice glutelin-1

promoter, the promoters for the low-pl a-amylase gene (Amy32b) (Rogers et al. (1984)

-J. Biol. Chem. 259: 1.2234). the high-pl a-amylase gene (Amy 64) (Khurseed et al. (1988)

. J. Biol. Chem. 263: 18953), and the promoter for a barley thiol protease gene

“(*Aleurain™) (Whittier et al. (1987) Nucleic Acids Res. 15: 2515). Plant functional

promoters useful for preferential expression in seed plastids include those from plant

~ storage proteih genes and from genes involved in fatty acid biosynthesis in oilseeds:

30

Cor e e
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Examples of such promoters include the 5' regulatory regions from such genes as napin
(Kridl et al. (1991) Seed Sci. Res. 1: 209), phaseolin, zein, soybean trypsin inhibitor,

ACP, stearoyl-ACP desaturase. and oleosin. Seed-specific gene regulalioh is discussed

in EP 0 255 378 B1 and-U.S. Patents 5.420.034 and 5.608.152 . Promoter hybrids can .
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also be constructed to enhance transcriptional activity (Hoffman, U.S. Patent No.

5,106,739), or to combine desired transcriptional activity and tissue specificity.

Plant Transformatiqn and Regeneration

A variety of different methods can be employed to introduce
lransfbnnation/expression vectors into plant protoplasts, cells, callus tissue, leaf discs,
meristems, etc., to generate transgenic plants. These methods include, for example,

Agrobacterium-mediated transformation, particle gun delivery, microinjection,

electroporation, polyethylene glycol-mediated protoplast transformation,

liposome-mediated transformation, etc. (reviewed in Potrykus (1991) Annu. Rev. Plant
Physiol. Plant Mol. Biol, 42: 205).

In general, transgenic plants comprising cells containing and expressing nucleic
acids encoding enzymes facilitating the modifications in sterol combound and tocopherol

biosynthesis and accumulation described herein can be broduced by transforming plant

~ cells with a DNA con_étruct as described above via any of the foregoing methods;

30

selecting plant cells that have been transformed on a selective medium; regenerating plant
cells that have been transformed to produce differentiated plants; and selecting a
transformed plant that expresses the enzyme-encoding nucleotide sequence(s) at a level
such that the amount of sitosterol, sitosterol esters, sitostanol, sitostanol esters,

tocopherol compound(s), and campesterol/campestanol and their esters is within the

-ranges described herein.

The encoding DNAs can be introduced either in a single transformation event (al
necessary DNAs present on the same vector), a co-transformation event (all necessary

DNAs present on separate vectors that are. introduced into plants or plant cells

" simultaneously), or by independent transformation everits (all necessary DNAs present

on separate vectors that are introduced into plants or plant cells’ independently).
Traditionai breeding methods can subsequently be u§¢d to incorporate the desired
cpmbination 6f enzymes into a single plant, and to produce hybrid progeny of the
invéntioﬁ plants. ‘ | -

Specific methods for transforming a wide variety of - dicots and obtaining

;rahsgenic plants are well documented in the literature (Gasser and Fraley (1989) Science
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244:1293; Fisk and Dandekar (1993 )Scientia Horticulturae 55: 5: Christou (1994) Agro
Food Industry Hi Tech, p. 17; and the references cited therein).

Successful transformation and plant regeneration have been achieved in the
monocots as follows: asparagus (Asparagus officinalis; Bytebier et al. (1987) Proc. Natl.
Acad. Sci. USA 84: 5345); barley (Hordeum vulgarae; Wan and Lemaux (1994) Plan:

. Physiol. 104: 37); maize (Zea mays; Rhodes et al. (1988) Science 240: 204;

Gordon-Kamm et al. (1990) Plant Cell 2: 603; Fromm et al. (1990) Bio/Technology 8:
833; Kozigl et al. (1993) Bio/Technology 11: 194); oats (Avena sativa; Somers et al.
(1992) Bio/Technology-10: 1589); orchardgrass (Dactvlis glomerata; Hom et al. (1988)
Plant Cell Rep. 7: 469); rice (‘On:a.sativa, including indica and japonica varieties;
Toriyama et al. (1988) Bio)TechnoIogv 6: 10; Zhang et al. (1988) Plant Cell Rep. 7:379;
Luo and Wu (1988) Plant Mol. Biol. Rep. 6: 165; Zhang and Wu (1988) Theor. Appl.

" Genet. 76: 835; Chiristou et al. (1991) Bio/Technology 9: 957); rye (Secale cereale; De

la Pena et al. (1987) Nature 325: 274); sorghum (Sorghum bicolor; Cassas et al. (1993)
Proc. Natl. Acad. Sci. USA 90: 11212); sugar cane (Saccharum spp-; Bower and Birch
(1992) Plant J. 2: 409); tall fescue (Festuca arundinacea; Wang et al. (1992)
Bio/Technology 10: 691); turfgrass (Agrbstis palustris; Zhong et al. (1993) Plant Cell
Rep; 13: 1); and wheat (Triticum aestivum; Vasil et al. (1992) Bio/Te echnology 10: 667,
Weeks et al. (1993) Plant Physiol. 102:1077; Becker et al. (1994) Plan:t J. 5: 299).

_ Host Plants
Plants pérticularly attractive for the sterol and tocopherol modifications described
_herein‘ihclhde those that produce carbon substrates which can be employed for synthesis

of these compounds. Non-limiting examples of such plants include various monocots

" and dicots, including high oil seed plants such as high oil seed Brassica (e.g., Brassica

nigra, Brassica napus. Brassica hirta, Brassica rapa, Brassica campestris, Brassica
carinata. and Brassica juncea), soybean (Glvcine max), castor bean (Ricinus communis),
cotton, safflower (Carthamus tinctorius), sunflower (Helianthus annuus), flax (Linum

usitatissimum), com (Zea mavs), coconut (Cocos. nucifera), palm (Elaeis guineensis),

- oilnut trees such as olive (Olea europaea), sesame. and peanut (Araclz& hypogaea), as -
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well as Arabidopsis, tobacco, wheat, barley, oats. amaranth. potato, rice, tomato, and
legumes (e.g., peas. beans, lentils, alfalfa. etc.).

Enhancement of sitostanol cdnipound production by the methods discussed herein
is expected to result in yields of sitostanol, sitostano_l esters, or mixtures thereof in an

amount of at least about 57% by weight, preferably from about 57% to about 90% by

WO 00/61771 , PCT/US00/09696 -

weight, and more preferably from about 57% to about 65% by weight of the total sterol

compounds present in seed oil. Expressed on a seed dry weight basxs sitostanol,

sitostanol esters, or mixtures thereof are expected to be present in an amount of at least

about 0.08%, preferably from about 0.08% to about 0.8%, and more preferably ﬁ'om _

about 0.08% to about 0.4% of seed dry w eneht

Enhancement of tocopherol compound production by the methods discussed -

herein is expected to result in yields of tocopherols of at least about 0.02%, preferably
from about 0.02% to about 0.2%, and more prefefably from about 0.02% to about
0.025% of seed dry weight.

The magnitude of reduction in the amount of campesterol, campestanol, and/br
their esters is expected to be in the range of from about 10% of that normally present to

about 100% of that normally present.

Plastid Targeting of Expressed Ehzvmes for Sterol and Tocopherol Biosvnthesis

The modifications in sterol compound and tocopherol biosynthesis and
accumulation. described herein can be produced in plants either by expression of the
appropriate enzymes in the cytoplasm by the methods described herein, or in plastids.
As theré is a high carbon flux through acetyl-CoA in plastids. especially in seeds of
oil-accumulating plants such as oilseed rape (Brassica napusj. canola (Brasszca rapa,
Brasszca campestris, Brassica carinata, and Brassica juncea) soybean (GI‘ cine max),
flax (Linum usztatzssmmm), and sunflower (Hellamlms annuus) for example, targeting
of the. gene products of desired encoding ] DNAs to plasnds such as leucoplasts, of seeds,
or transfonnauon of seed plastids and expressxon therein of these cencoding DNAs, are
attractive strategies for producmg high levels of sitosterol/sitostanol and/or their esters

and tocopherol compounds in plants. These strategies can also be employed. to reduce
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the biosynthesis and accumulation of campesterol/campestanol and/or their esters in plant
plastids as well. '
All of the enzymes discussed herein can be modified for plastid targeting by
employing plant cell nuclear transformation constructs wherein DNA coding sequences
of interest are fused to any of the available transit peptide sequences capable of-
facilitziling transport of the encoded enzymes into plant plasﬁds, and driving expression
by employing an appropriate promoter such as any of those discussed above. Targeting
of enzymes involved in altering sterol compound and tocophérol quantity and/or quality
to plastids can be achieved by fusing DNA encbding plastid, e.g., chloroplast, leucoplast,
amyloplast, etc., transit peptide sequences to the 5'-ATG of DNAs encoding enzymes
affecting the biosynthesis and accumulation of these compounds. The sequences that
encode a transit peptide l;egion can be obtained, for example, from plant nuclear-encoded
plastid proteins, such as the small subunit (SSU) of ribulose bisphosphate carboxylase,
EPSP synthase, plant fatty acid biosynthesis related genes including fatty acyl-ACP
thioesterases, acyl carrier protein (ACP), stearoyl-ACP desaturase, B-ketoacyl-ACP
synthase and acyl-ACP thioésterase,.or LHCPII genes, etc. Plastid transit peptide
sequences can also be obtained from nucleic acid sequences enéoding carotenoid
biosynthetic enzymes, such as GGPP synthase, phytoene synthase, and phytoene
desaturase. Other transit peptide sequences useful in the present invention are disclosed
in Von Heijne et al. (1991) Plant Mol. Biol. Rep. 9: 104; Clark et al. (1989) J. Biol.
Chem. 264: 17544, della-Cioppa et al. (1987) Plant Physiol. 84: 965; Romer et al. (1993)
Biochem. Biophys. Res. Commun. 196: 1414; and Shah et al. (1986) Science 233: 478.
Plant sterol éompound/tocoph'erol bibsynthetic enzyme-encoding séqucnces useful inthe _
present invention can utilize native or hetérologous transit peptides. The encoding

sequence for a transit peptide effective in transport to plastids can include all or a portion

'of the encoding sequence for a particular transit peptide, and may also contain portions

of fhe mature protein encoding sequence associated with a particular transit peptide. .
Numerous examples of transit peptides that can be used to deliver target proteins into
plastids exist, and the particular transit peptide encoding sequences useful in the present .
invention are not critical as long as delivery into a plastid is obtained. Proteolytic

processing within the plastid then f:roduces the mature enzyme. This technique has

SRR .2 L
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proven successful not only with enzymes involved in polyhydroxyalkanoate biosynthesis

‘(Nawrath et al. (1994) Proc. Natl. Acad. Sci. USA 91: 12760), but also with neomycin

phosphotransferase II (NPT-II) and CP4 EPSPS (Padgette et al. (1995) Crop Sci. 35:
1451), for example.
Of particular interest are transit peptide sequences derived from enzymes known

to be imported into the leucoplasts of seeds. Examples of enzymes containing useful

_transit peptides include those related to lipid biosyﬁthesis (e.g., subunits of the

plastid-targeted dicot acetyl-CoA carboxylase, biotin cafboxylase, biotin carboxyl carrier

. protein. a-carboxy-transferase, ‘plastid-targeted monocot multifunctional acetyl-CoA

carboxylase (Mr, 220,000); plastidic subunits of the falty acid synthase complex (e.g.,
acyl carrier protein (ACP), malonyl-ACP synthase, KASI, KASII. KASIII, etc.);

~ steroyl-ACP desaturase; thioesterases (specific for short, medium, and long chain acyl-

ACPY); plastid-targeted acyl transferases (e. 8., glycerol-3-phosphate: acyl transferase);
enzymes involved in the bxosynthesns of aspartate family amino acids; phytoene synthase;
gibberellic acid biosynthesis (e.g., ent-kaurene synthases | and 2); and carotenoid
bidsynthesis (e.g., lycopene synthase).

Exact translational fusions to the transit peptide of interest may not be optimal for

protein import into the plastid. By creating translational fusions of any of the enzymes

-discussed herein to the precursor form of a naturally imported protein or C-terminal

deletions thereof, one would expect that such translational fusions would aid in the

uptake of the engineered precursor protein into the plastid. For example, Nawrath et al.

k(4 1994) ‘Proc. Natl. Acad. Sci. USA 91: 12760) used a similar approach to create-the °
'vectors employed to introduce ‘the polyhydroxybutyrate biosynthesis genes of A.

eutrophus into Arabidopsis.

It is therefore fully expected that targeting of the. enzymes discussed herein to
fruit chloroplasts or chromoplasts. leaf chloroplasts, or seed plastids such as leucoplasts
by fusing transit peptide gene sequences thereto will further enhance in vivo conditions

for the modifications in sterol compound and tocopherol biosynthesis and accumulation

‘in plant tissues described herein.
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Plastid Transformation for Expression of Enzvmes Involved in

Sterol Compound and Tocogherol Biosvnthesis and Accumulation

Alternatively, enzymes facilitating the biosynthesis and accumulation of sterol
compoundé such as sitostanol and sitostanol esters, as well as tocopherols, and reducing
the biosynthesis and accurhulation of campesterol, campestanol, and/or their esters
discussed herein can be expressed in situ in plastids by direct transformation of these
organelles with appropriate recombinant expression constructs. Constructs and methods
for stably transforming plastids of higher plants are well known in the art (Svab et al.
(1990) Proc. Natl. Acad. Sci. USA 87: 8526; Svab et al. (1993) Proc. Natl. Acad. Sci.
US4 90: 913; Staub et al. (1993) EMBO J. 12: 601; Maliga et al., U.S. Patent No.
5,451,513; Maliga et gl., PCT Intemational Publications WO 95/16783, WO 95/24492,
and WO 95/24493; and Daniell et al., U.S. Patent No. 5,693,507). These methods

generally rely on particle gun delivery of DNA containing a selectable marker in addition

to introduced DNA sequences-for expression, and targeting of the DNA to the plastid
genome ihrou_gh homologous recombination. Transformation of a wide variety of
different monocots and dicots by particle gun bombardment is routine in the art (Hinchee
et al. (1994) In: Plant Cell and Tissue Culture, 1. Vasil and T. Thorpe (Eds.), Kluwer
Academic Publishers, Netherlands, p. 231; Walden and Wingender (1995) TIBS 13: 324).

DNA constructs for plastid transformation generally comprise a targeting segment
comprising flanking DNA sequences substantially homologous to a predetermined
sequence of a plastid genome, which targeting §egmem enableés insertion of DNA coding
sequences of interest into the plastid genome by homologous recombination with the
predetermined sequence; a selectable marker sequence. such as a'sequence encoding a
form of plastid 16S ribosomal RNA that is resistant to spectinomycin or streptomyecin,
or that encodes a protein which inactivates spectinomycin or streptomycin (such as the
aadA gene), disposed within the targeting. segment, wherein the selectable marker

sequence confers a selectable phenotype upon plant cells, substantially all the plastids of

'which have been transformed with the DNA construct; and one or more DNA coding

sequences of interest disposed within the targeting segment relative to the selectable
marker sequence so as not to interfere with conferring of the selectable phenotype. In

addition, plastid expression constructs also generally include a promoter region
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functional in a plant plastid and a transcription termination region capable of terminating

transcription in a plant plastid, wherein these regions are operam'ely Imked to the DNA

- coding sequences of interest.

A further refinement in chloroplast transformation/expression technology that

facilitates control over the timing and tissue pattern of expression of introduced DNA

coding sequences in plant plastid genomes has been described in PCT International

Publication WO 95/16783 and U.S. Patent 5,576,198. This method involves the
introduction into plant cells of constructs for nuclear transformation that provide for the
expression of a viral single subunit RNA polymerase and targeting of this polymerase
into the plastids via fusion to a plastid transit peptide. . Transformation of plastids with
DNA constructs comprising a viral single subunit RNA polymerase-specific promoter
specific to the RNA. polymerase expressed from the nuclear expression constructs

operably linked to DNA coding sequences of interest permits control of the plastid

~ expression constructs in a tissue and/or developmental specific manner in plants

comprising both the nuclear polymerase construct and the plastid expression constructs.

Expression of the nuclear RNA polymerase coding sequence can be placed under the

.control of either a constitutive promoter. or a tissue- or developmental stage-specific

promoter, thereby extending this control to the plastid expression construct responsive
to the plastid-targeted. nuclear-encoded viral RNA polymerase. The introduced DNA
coding sequence can be a single encoding region, or may contain a number of
consecutive encoding sequences to be expressed as an engineered or synthetic operon.

The latter is especnally attractive where, as in the present invention, it is desired to
mtroduce multigene biochemical pathways into plasuds This approach is not practical
usmg standard nuclear transformation techmques since each gene introduced therein must
be engineered as a mohocistron including an encoded transit peptide and appropriate

promoter and terminator signals. Individual gene expression levels may vary widely

-among dlfferem cistrons, thereby possibly adversely affectmg the overall biosynthetic

_process. This can be avoided by the chloroplast transformanon approach.
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Production of Transgenic Plants Comprising Introduced DNA 'Seguences
for Modifving Sterol Compound and Tocopherol Biosvnthesis

Plant transformation vectors capable of delivering DNAs (genomic DNAs,
ﬁlasrhid DNAs, cDNAs. or synthetic DNAs) encoding plant-derived or other enzymes
that affect the biosynthesis and accumulation of sterol compounds and tocopherols in
plants for optimizing the pools of sitosterol, sitostanol, esters of either, and tocopherols,
and for reducing the levels of campesterol, campestanol, and/or their esters, can be easily
designed by an-reéognized methods. Various strategies can be employed to introduce
these encoding DNAS into plants to produce transgenic plants that biosynthesize and
accumulate desirable levels of various sterol compounds and tocopherols, including:

1. Transforming individual plants with an encoding DNA of interest. Two
or more transgenic plarits, each containing one of these DNAs, can then be grown and
cross-pollinated so as to produce hybrid plants containing the two DNAs. The hybridcan
then be crossed with the remaining transgenic plants in order to obtain a hybrid plant .
containing all DNAs of interest within its genome.

2. Sequentially transforming plants with plasmids containing each of the
encoding DNAs of interest, respectively. . _

3. Simultaneously cotransforming plants with plasmids containing each of
the encoding DNAs. respectively.

4. Transforming plants with a single plasmid containing two or more
encoding DNAs of interest. - '

5. Transforming plants by a combination of any of the foregoing techniques

in ‘order to obtain a plant that expresses a desired combination of encoding DNAs of

" interest.

Traditional breeding of transformed plants produced according to any one of the

foregoing methods by successive rounds of crossing can then be carried out to

~ incorporate all the desired encoding DNAs in a single homozygous plant line (Nawrath

et al. (1994) Proc. Natl. Acad. Sci. USA 91: 12760; PCT International Publication WO ™
93/02187), or to produce hybrid offspring.
In methods 2 and 3, the use of vectors containing different selectable marker

genes to facilitate selection of plants containing two or more different encoding DNAs
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is advantageous. Examples of useful selectable marker genes include those conferring

resistance to kanamycin, hygromycin, sulphonamides, glyphosate. bialaphos. and

phosphinothricin.

Stabilitv ofTransgene ExpreSsion

As'several overexpressed enzvmes may be required to produce optimal levels of

substrates for the biosynthesis of sterol compounds and tocopherols, the phenomenon of

~ co-suppression may influence transgene expression in transformed plants. Several

strategies can be employed to avoid this potential problc’fn (Finnegan and McElroy
(1994) Bio/Technology 12: 883).
One commonly employed approach is to select and/or screen for transgenic plants

that contain a single intact copy of the transgene or other encoding DNA (Assaad et al.

- (1993) Plant Mol. Biol. 22: 1067; Vaucheret (1993) C.R. Acad. Sci. Paris, Science dela

vie/Life Sciences 316: 1471; McElroy and Brettell (1994) TIBTECH 12: 62).
Agrobacterium-mediated transformation technologies are preferred in this 'regard.

Inclusion of nuclear scaffold or matrix attachment regions (MAR) flanking a
transgene has been shown to increase the level and reduce the variability associated with
transgene expression in plants (Stief et al. (1989) Narure 341: 343; Brevne et al. (1992)
Plant Cell 4: 463; Allen et al. (1993) Plant Cell 5: 603); Mlynarova et al. (1994) Plant
Cell 6: 417, Spiker and Thompson (1996) Plant Physiol. 110: 15). Flanking a transgene
or other encoding DNA with MAR elements may overcome problems associated with
differential base composition between such transgenes or encoding DNAs and
integrations sites, and/or the detrimental effects of sequences adjacent to transgene
integration siies. _ . o

The use of enhancers from tissue-specific or developmentally-regulated genes

may ensure that expression of a linked transgene or other encoding DNA occurs in the

- appropriately regulated manner.

The use of different combinations of promoters, plastid targeting sequences, and
selectable markers forintroduced transgenes or otherencoding DNAs can avoid potential

problems due to trans-inactivation in cases where pyramiding of different transgenes

~ within a single plant is desired.
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Finally, inactivation by co-suppression can be avoided by screening a number of
indgpendent transgenic plants to identify those that consistently overexpress particular
introduced ‘encoding DNAs (Register et al. (1994) Plant Mol. Biol. 25: 951).
Site-specific recombination in which the endogenous copy of a gene is replaced by the
same gene, but with altered expression characteristics, should obviate this problem
(Yoder and Goldsbrough (1994) Bio/Technology 12: 263).

Any of the foregoing methods, alone or in combination, can be eﬁployed inorder

to insure the stability of transgene expression in transgenic plants of the present
invention.

The following non-limiting examples illustrate various aspects of the present
invention.

| Example 1

Enhancement of Sitostanol Content in Seeds of Transgenic Plants
by Seed-Specific Overexpression of a 3-Hydroxysteroid Oxidase

To elevate the level of sitostanol in seeds of a plant of interest, the plant can be
‘transformed with at least one expression cassette comprising a recombinant,
double-stranded DNA molecule comprising, operatively linked in 5' to 3' sequence, a
transcriptional and translatidnal initiation region including a promoter which functions
in plant cells to cause the production of an RNA sequence; a structural coding sequence
encoding a 3-hydroxysteroid oxidase; and a 3' transcriptional and translational
termination region functional in plant cells. Preferred plants include oil seeds such as
canola, com, cotton, sunflower, and soybean. The promoter‘ can be a seed-specific or
.embrYo-speciﬁc px;omoter such as the napin, soybean 7S, comn globl, or Lesquerella
Bydroxylase promoters, or an endosperm-specific promoter such as the corn glutelin
promoter or a zein promoter. The promoter can be homologous or heterologous with
respect to the structural codihg sequence. An example of a ﬁ_seful 3-hydroxysteroid
oxidase structural coding sequence is the Strepromvces A19249 sequence disclosed in
U.S. Patent 5,518,908. Furthermore, the 3-hydroxysteroid _oxidaée structural coding
‘'sequence can be fused to a plastid transit pcptidé such as the pea or soybean RUBP
carboxylase small subunit chloroplast transit peptide. The 3' termination region can be

a non-translated region which functions in plant cells to cause the addition of

B Tl i T i
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polyadenylate nucleotides to the 3' end of the RNA sequence. for example the nos or E9
termination signal. The expression cassette can be contained within a vector effecuve n
transforming plant cells. such as pCGNS5139 (Figure 4 ). The expression cassette or
vector can contain a selectable marker such as an antibiotic resistance gene (e.g.,
conferring kanamycin or hygromycin resxstance), or a herbicide resistance gene.

The expression cassette or vector can be introduced into a plant protoplast, plant
cell, callus tissue, leaf disc, meristem, etc., by any method conventional in the art,

including, for example, Agrobacterium Ti or Ri plasmid-mediated transformation,

microprojectile bombardment, microinjection, electroporation, chemicals that induce free

DNA uptake such as polyethylene glycol, liposome-mediated transformation,
transformation via viruses or pollen, etc.

Following introduction of the expression cassette or vector, plant cells-that have
been transformed can be selected for on an appropriate selection medium. Transformed
plant cells that survive selection can be regenerated to produce differentiated plants, and
atransformed plant expressmg 3- -hydroxysteroid oxidase activity at the desired level can
be selected by appropriate screening methods, for example by determin’ing the
sitosterol/sitostanol level by gas chromatography, or by Western blot analysis using
antibody raised against the 3-hydroxysteroid oxidase. Preferred plants are those wherein
the seeds produce sitostanol, at least one sitostanol ester, or mixtures thereof, in an
amount of at least about 57% by weight, preferably from about 57% to about 90% by
weight, and more preferably from about 57% to about 65% by weight, of the total sterol
compounds in oil extracted from the seeds. Expressed on a percent seed dry weight

basis, preferred plants are those that produce seed containing sitostanol, at least one

 sitostanol ester, or mixtures thereof, in an amount of at least about 0. 08%, preferably

from about 0. 08% to about 0.8%, and more preferably from aboul 0.08% to about 0.4%
of seed dry weight.
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Example 2

Enhancement of Sitostanol Content
=znancement of Sitostanol Content
in Seeds of Transgenic Plants
by Coexpression of a 3-Hvdroxvsteroid Oxidase

5. , | and a Steroid Sa-Reductase
The same procedure as that descnbed in Example 1 can be followed, addmonally

employing an expression cassette or vector comprising a steroid 5Se-reductase-encoding

DNA. Non-limiting examples of such DNAs are the Arabidopsis DET? gene (F ujioka

et al. (1997) The Plant Cell 9: 1951- -1962), and the cDNAs from Arabidopsis, comn, and
10 soybean, (SEQ ID NOS: 2. 4. 6 and 8), respectively. The sequence of a human steroid
| Sec-reductase is available as GenBank accession number G338476.

A transformed plant, seeds of which contain an elevated level of sitostanol, at
least one sitostanol ester, or mixtures thereof, can be selected by appropriate screening
‘methods, for example by gas chromatography. Preferred plants are those wherein the

15 seeds produce sitostariol, at least one sitostanol ester or mixtures thereof; in the amounts

indicated in-‘Example 1.

Example 3

Enhancement of Phvtosterol Content in Seeds of Transgenic Plants bQ
e leTel Lontent in Seeds of Transgenic Plants by

Seed-Specific Overexpression of HMG CoA Reductase (HMGR)

20 In'another embodiment of the present invention, the levels of sterol compounds,

mcludmg sitosterol, sitostanol, campesterol, stigmasterol and at least one ester for each

“of the sterol compounds and mixtures thereof, can be elevated in plant seeds by

overexpression of plant HMG CoA reductases. Employing the same methods as those

o “in Example 1, one can transform aplant of i interest using expression cassette or vector
- --25  comprising DNA encodmg a polypeptide exhibiting 3-hydroxy-3-methylglutaryl-
| Coenzyme A reductase (HMG-CoA reductase or HMGR) activity. HMGR cDNAs from
- rubber and Arabidopsis have been successfully used to increase plant sterol levels in
plam tissues (Schaller et al. (1995) Plant Physiol. 109: 761-770 and Gonzalez et al.

b_ (1997) Third T erpnet Meeting of the European Nenwork on Plant Isoprenoids Abstracts,
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Abstract No. 33, page 33. respectively), but these have not be specifically targeted at
increasing sterol levels in seeds.

In order to examine the ability of HMGR overexpression for increasing sterol
compound levels in seeds the following experiment was performed in Glycine max.

5 A full-length HMGR gene from rubber genomic DNA was expressed in developing
Glycine max seeds using the 7S promoter. This was achieved by excising the rubber
HMGR gene from the plasmid pHEV 15 (Schaller et al., (1995) Plan: Physiol., 109: 761-
770) using EcoRI. The 3.8 Kb fragment was inserted into the EcoRl site of pMON29920
(Figure 6) such that the HMGR gene was flanked by the 7S promoter on the 5’ énd and

10 the E9 3" terminator to create pMON43800 (Figure 7). This was next digested with Sall

and Notl to release a 7.7 Kb fragment that was then blunt-ended at the Sa/ I end before

-ligating to pMON23616 (Figure 8) that was first cut with Smal and Norl.. This created

apMON43818 (Figure 9) binary vector that contained the rubber HMGR genedriven by

the 7S promoter and the NPTII gene for a selection marker driven by the NOS promoter

15 and 3" NOS terminator. PMON43818 was used to transform Agrobacterium tumefaciens
and transform Glycine max cotyledon explants.

Explants for transformation were prepared as follows: sterilized seeds were
germinated on germination medium under light at 28°C for 5-6 days. Germinated seeds
were placed in the dark at 4°C for 24 hours prior to excision. Seed coats were removed

20  and hypocotyls of each seedling trimmed to a length of 0.5 cm to 1.0 cm in length. The
cotyledons were then split open such that the hypocotyl was split down the middle. The
primary leaves and apical region of each cotyledon was removed to expose the wounding
region. Wounding was performed with 3-7 shallow, scalpel scores in line with the
embryo axis, ensuring that the apical bud was damaged. . Wounded explants were

25  incubated in the culture of Agrobacten;ul;z tumefaciens containing pMON43008.

" Incubation was for 1 hour atroom temperature. Inoculated explants were then transferred
to a co-culture medium and placed underlight at 23°C for 3-4 days. At this time explants
were transferred to a deléy medium and placed in a 25°C light growth room for 4 days.

After 4 days on delay, explants were transferred to a 186 ppm Kahamycin

30 selection medium and placed in a 25°C light growth room for 2 weeks. At the end of two

weeks explants were transferred to 186 ppm WPM medium and placed again in a 25°C

-
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light growth room for another 2 weeks. C ultures were transferred every 2 weeks to fresh

medium for approximately 18-21 weeks. At the 6 week transfer, the cotyledons and any

dead material was removed from the explants. and the petiole was cut. At each

subsequent 2 week transfer the petiole was cut to expose fresh cells to the medium.
Transgenic shoots that were approximately !;" in length, with 2 nodes, 1 open

trifoliate and an active growing point were selected, cut and transferred to rooting

- medium. Once a good root system was developed the plants were sent to the greenhouse

to grow up in soils in pots.

Seeds from 15 transgenic plants and one nontransgenic control plant were
harvested at maturity. Ten seeds from each plant were weighed and ground into a fine
powder using an electric grinder. A known amount of cholestane (usually 100 pgin 100

ul ethanol) was added to each approximately 50 mg powder sample. Sterol compounds

_ were hydrolyzed directly from the ground tissue by saponification with 2 ml of 10%

KOH in methanol by refluxing the material at 60°C for 30 minutes. The refluxed
samples were cooled to room temperature and filtered through glass wool. An equal
volume of water was added to each filtrate, and the nonsaponifiables were extracted by
partitioning three times with equal volumes of hexane. The hexane phases were pooled
and evaporated. The residues were resuspended in 1 ml of acetone, and quantitatively
transferred to glass GC vials that were immediately capped. Sterols were analyzed by
GC-FID using the following conditions: Inlet temperature 0f220°C, detector temperature
0f 320°C, and column oven temperature programmed from 220°C to 320°C with initial

temperature for 1 minute and final temperature for 16 i mmutes and ramp rate of 8 °/min.

* The column used was a glass capxllazy DB-5 column of 50 m length, 320 um diameter,

-anda flm thickness 0f 0.25 pm. The carrier gas was hehum ata flow rate of 1.0 mV/min. -

Results are presented in Table 4. v
To fully cha_racten'ze the sterol compounds present in the 'transgenic seeds, a

representative sample was also analyzed by GC-MS for conformation of the sterol

: compounds present. The GC-MS conditions were as follows: inlet temp. 250°C, detector

320°C, oven programmed from 180°C to 325°C with mmal equilibration time of 1.0
min, ramping to 310°C at 4°/min at then at 20°/min to 325° C. The column was a DB-5

capillary glass column similar to the one used for GC-FID.
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Total sterols increaséd by 3.2- and 3.9- fold in the best performing plants

* (transgenic events 3 and 4). These two events also showed the highest increases of

‘individual sterols.. Campesterol increased by 2.7-fold, sitosterol by 3.4-fold, sitostanol

by 3.2-fold and other sterols by 6.5-fold in event 3 while stigmasterol increased by 2.3-
fold in event 4. The other sterols, which account for the highest increase in total sterols,
were pathway intermediates that included squalene, cycloartenol, 24-methylene

cycloartenol, obtusifoliol, isofucosterol, and stigmasta-7-enol.  These pathway

intermediates normally form minor constituents in the sterol composition of seeds.

However, in the transgenic seeds, probably due to increased carbon flux through the
pathway, they accumulate in significant amounts. This suggests additional control points
for sterol biosynthesis in plants such as squalene epoxidase, C-24 sterol

methyltransferase, and C-14 obtusifoliol demethylase.

Table 4
‘IEve‘nt Campesterol |Stigmasterol |Sitosterol |Sitostano! [Others otal
ug/g juglg ug/g u ug/g u
1 161.9 148.2]  551.3 36.8 264.8 1163
2 . 2416 287.9] 1128.8 96.6] 1489.8] 32445
3 442.4 320.1) 1876.6]°  117.3|  1728.4] 44848
4 3112 3456] 16456] 1138 1307.5] 37236
5 395.5 32300 1592.1 83.1} 9338 33275
6 370.5] 301.6] 1735.8| 972l 9905 34956
7] 351.0 3070 14573  101.1 885.3] 3101.7
8] 248 172.4]  1270.1 743] 4288 21936
9] 2211 1407 1149 76.7]  652.6] 2240.1
10 2342 184.8] 1306.8 64.1 669.4] 24593
1] 156.5) 1254] 6792} ° 388 142.3] 11422
12 3112 2429] 14573 671 4186 2497
13 165.4 '1354]  1320.1 59.7] 1645.8] 3326.4
14 190.8 152] - 1121.3 51.4] 10407} 25562
.15 182.9] 1574] 11185 552 3766] 18906
16 197.9 151.7]  946.6 61.7] 2253 15832
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- Example 4
Enhancement of Sitosterol and Sitostanol Content
in Seeds of Transgenic Plants
by Coexpression of a HMG-CoA Reductase (HMGR)

and a 3-Hvdroxvsteroid Oxidase

In another embodiment of the present invention, the level of sterol compounds,

including sitosterol, at least one sitosterol ester, sitostanol, at least one sitostanol ester,

" and mixtures thereof, can be elevated in plant seeds by overexpression of an HMG-CoA

reductase in combination with a 3-hydroxysteroid oxidase. Employing the same methods
as those in Example 1, one can transform a plant of interest using an expression cassette
or vector comprising DNA encoding a polypeptide exhibiting 3-hydroxy-3-
methylglutaryl-Coenzyme A reductase (HMG-CoA reductase or HMGR) activity in
addition to an expression cassette or vector corhprising a 3-hydroxysteroid oxidase
coding sequence. HMGR c¢DNAs from rubber and 4rabidopsis have been successfully
used to increase sitosterol levels in plant tissues (Schaller et al. (1995) Plant Physiol.
109: 761-770 and Gonzalez et al. (1997) Third T erhnetMeetihg of the European Network
on Plant Isoprenoids Abstracts, Abstract No. 33, page 33, respectively). Other HMGRs
useful for increasing sitosterol levels include mutant forms of the genes selected from
plant tissues known to overproduce sitosterol, and HMGR genes that have been altered
via site-directed mutagenesis to deregulate their activity, resulting in variant enzymes that

are not feed-back regulated.

Example S
Enhancement of Sitosterol Content
in Seeds of Transgenic Plants

by Coexpression of a HMG-CoA Reductase and
a Sterol Methvl Transferase

In another embodiment of the present invention, the level of sitosterol, at least
one sitosterol ester, sitostanol, at least one sitostanol ester, or mixtures thereof, can be
elevated in plant seeds. Employing the same methods as those in Example 4, one can

transform a plant of interest using an expression cassette or vector comprising DNA
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encoding a polypeptide exhibiling3-hydroxy-3-methyiglutéryl‘Coenzyme A reductase
activity in addition to an expression cassette or vector comprising DNA encoding a sterol
methyltransferase (SMTII). An example of a useful SMTII coding sequence is that from
Arabidopsis thaliana (Bouvier-Nave et al. (1997) Eur. J. Biochem. 246: 51 8-529). Plants
into which both enzyme coding sequences have been introduced are expected to contain
elevated levels of sitosterol, at least one sitosterol ester, sitostanol, at least one sitostanol
ester, or mixtures thereof, as well as décreased levels of 24-methyl sterols such as
campesterol, at least one campesterol ester, campestanol, at least one campestanol ester,
and mixtures thereof. Schaller et al. ((1997) Third Terpnet Meeting of the Européz_m
Network on Plant Isoprenoids Abstracts, Abstract No. 44, page 44) have demonstrated
areduction in campesterol levels in transgenic tobacco constitutively overexpressing the
Arabidopsis SMTII gene.

Experiments were performed with Glycine max to demonstrate this aspect. The
strategy employed to obtain transgenic Glycine max plants expressing a rubber (Hevea
brasiliensis) 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGR)-gene and an
Arabidopsis thaliana sterol methyltransferase (SMTII) gene in the developing embryos
was as follows:

The binary vector pMON 43039 (Figure 10) was constructed to contain the rubber
HMGR and Arabidopsis thaliana SMTII with each driven by the seed-specific promoter
7S. The HMGR gene has the E9 3’ terminator from pea rbcS E9 gene while the SMTII
gene has the NOS 3” tenminator from nopaline synthase gene. The selection marker gene
is the NPTII gene for kanamycin resistance and is driven by the NOS -promoter from
Agrobacterium tuniefaéiens pTiT37 and the NOS 3’ terminator sequence also from

Agrobacterium tumefaciens pTiT37. Agrobacterium tumefaciens was transformed with

. pMON 43039.

Tran;fomation of soybean explants was as described in. Example 3. Seven
U'ansgenic e;'ents were generated. Ten seeds from each event were individually anilyzed
for phytosterols by methods described in Example 3. Data are presented in Table 5,
where Plant 1 is a non-transgenic control and plants 2-8 are iﬁdependent transgenic
events: The data represent averages from results from ten seeds for each event. There is

a1.5-(events 5 and 7) to 2-fold (events 2, 3, and 4) increase in total sterols. Individt_:a]ly,

T
a o raialEEs
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there is a much greater increase in sitosterol (up to 2.6-fold in event 3) and sitostanol (up

to 10-fold in event 6). At the same time there is a decrease in campesterol with up to 5.6-

fold decrease in events 6 and 7. Additionally, phytosterol biosynthetic pathway

intermediates accumulate to a greater extent in the transgenic events. These sterols are
obtusifoliol, Stigmasta-7-enol, cycloartenol and 24-methylene cycloartanol.

The decrease in the amount of campesterol is consistent with the expected activity
of the SMTII enzyme. This enzyme catalyzes the reaction 18 in Scheme 1. The substrate
for this reaction, which is 24-methylene lophenol, can also undergo reaction 18b which
is a C-4 demethylation. This laiter route leads to the formation of 24-methyl sterols such
as campesterol. It is presumed that increased activity of SMTII due to the hi ghér
expression of the introduced A4rabidopsis thaliana. SMTII gene allows for increased

carbon flux through the pathway leading to sitosterol and thus reducing the availability

“of 24-methylene lophenol for reaction 18b which reduces the amount of campesterdl

formed.
Increase in total sterol content is due to the increased activity of the HMGR

enzyme as described in Example 3.

L

. T
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Example 6
Enhancement of Sitostanol and Tocopherol Content
in Seeds of Transgenic Plants
by Coexpression of a 3-Hvdroxysteroid Oxidase
and a Tocopherol Biosynthetic Enzyme

In order to produce transgenic plants, seeds or other parts of which contain

. elevated levels of sitostanol, sitostanol esters, or mixtures thereof, as well as elevated

levels of at least one tocopherol compound, the same procedure as that described in

Example 1 can be followed, additionally employing an expression cassette or vector

~comprising at least one tocopherol biosynthesis enizyme encoding-DNA. Candidate

'tocopherol biosynthetic enzymes include those listed in Table 2. Preferred tocopherol

biosynthesis enzyme encoding-DNAs include those encoding an enzyme selected from

3-deoxy-D-arabino- heptulosonate-7-P  synthase, shikimate kinase, prephenate

dehydrogenase, 4-hydroxyphenyl-pyruvate dioxygenase, geranylgeranylpyrophosphate
synthase, geranylgeranylpyrophosphate hydrogenase, phytyl/prenyltransferase, 2-methyl-
6-phytyl-benzoquinol methy! transferase, y-toéopherol methyltransferase, and 1-
deoxyxylulose-S-phosphate synthase.

A transformed plant, seeds or other vegetable or fruit parts of which contain an
elevated level of sitostanol, at least one sitostanol ester, and mixtures thereof, as well as
an elevated level of at Icast- one tocopherol compound, can be selected by appropriate
screening methods, for example by gas chromatography. Preferred plants are those -
wherein the seeds contain sitostanol, at leést one sitostanol ester, or mixtures thereof, in
an amount of at least about 57% by weight, preferably from about 57%to about 90% by
weight, and mofe preferably from about 57% to about 65% by weight, of the total sterol
éompbunds in- oil extracted from the seeds.- Expressed on a percent seed dry Weight

basis, preferred plants are those that produce seed containing sitostanol, at least one

- sitostanol ester, or mixtufes thereof, in an amount of at least about 0.08%, preferably

from about 0.08% to about 0.8%., and mdre:preferably from about 0.08% to about 0.4%
of seed dry weight. .
The tocopherol compound. which can be a-, -, y-, 8-, or €-tocopherol, or

mixtures thereof, can be present in an amount of at least about 0.02%. preferably in the



WO 00/61771 PCT/US00/69696

10

15

20

25

107

range of from about 0.02% to about 0.2%, more preferably in the range of from about
0.02% to about 0.025%, of the dry weight of the seed. A preferred tocopherol is a-

tocopherol.

Example 7
Enhancement of the Content of Sterol Compounds and Tocopherols

in Seeds of Transgenic Plants
by Coexpression of a 3-Hvdroxvsteroid Oxidase,

a Steroid Sa-Reductase,

and a Tocophero! Biosvnthetic Enzvme
The same procedure as that described in Example 6 can be followed, additionally

employing an expression cassette or vector comprising a steroid 5a-reductase-encoding
DNA.

A transformed plant, seeds or ofher vegetable or fruit parts of which contain an
elevated level of sitostanol, at least one sitostanol estér, and mixtures thereof, as well as
an elevated level of at least one tocopherol compound, can be selected by appropriate

screening methods,.for example by gas chromatography. Preferred plants are those

* wherein the seeds contain sitostanol, at least one sitostanol ester, or mixtures thereof, in

an amount of at least about 57% by weight, preferably from about 57% to about 90% by
weight, and more preferably from about 57% to about 65% by weight, of the total sterol
compounds in oil extracted from the seeds. Expressed on a percent seed dry weight

 basis, preferred plants are those that produce seed containing sitostanol, at least one

sitostanol ester, or mixtures thereof, in an amount of at least about 0.08%, preferably
from about 0.08% to about 0.8%, and more preferably from about 0.08% to about 0.4%
of seed dry weight.

The tocopherol compound, which can be a-, -, Y-, 8-, or e-tocopherol, or

" mixtures thereof, can be present in an amount of at least about 0.02%, preferably in the

- range of from about 0.02% to about 0.2%, more preferably in the range of from about

0:02% to about 0.025%, of the dry weight of the seed. A preferred tocopherol is a-

tocopherol.
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Example 8 )
Coexp} ression of an S-Adenosvimethionine (SAM )-Dependent

- ¥-Tocopherol Methvitransferase

in Any of the Foregoing Examples
to Convert y-Tocopherol to a-Tocopherol

An additional method of elevating the level of a tocopherol compound in a seed

or other vegetable or fruit part of a plant comprises the same procedure as that described
in any of the foregoing examples, and additionally employing an expression cassette or
vector comprising‘ an S-adenosylmethionine (SAM)-dependeni Y-tocopherol
methyltransferase-encoding DNA to convert y-tocopherol to a-tocopherol. The amino
acid sequences of the purified enzymes from Capsicum (Shigeoka et al. (1992) Biochim.
Biophys. Acta 1128:220-226) and Euglena gracilis (d-Harlingue et al. (1985) J. Biol.
Chem. 260:15200-15203) can be used to design nucleic acid probes for use in isolating
DNA sequences encoding these enzymes. Identification of  y-tocopherol
methyltransferase-encoding DNA sequences from Synechocystis PCC6803 and
Arabidopsis thaliana has been reported by Shintani et al. ((1998) Science 282:2098-
2100). ‘
' A transformed plant, seeds or other vegetable or fruit parts of which contain an
elevated level of sitostanol, at least one sitostanol ester, and mixtures thereof, as well as
an elevated level of at least one tocopherol compound, can be selected by appropriate
screening methods, for example by gas chromatography. Preferred plants are those

wherein the seeds contain sitostanol, at least one sitostanol ester, or mixtures thereof, in

’ » an amount of at least about 57% by weight, preferably from about 57% to about 90% by
~ weight, and more preferably from about 57% to about 65% by weight, of the total sterol

compounds in oil extracted from the seeds. Expressed on a percent seed dry wéight
basis, preferred plants are those that produce seed containing sitostanol, -a1 least one
sitostanol ester, or mixtures ihereof, in an amount of at least about 0.08%, préferably
from about 0.08% to about 0.8%, and more preferably from about 0.08% to about 0.4%
of seed dry weight.

The tocophérol compound, which can be a-, B-, y-, 5-, or e-tocopherol, or

~ mixtures thereof, can be present in an amount of at least about 0.02%, preferably in the
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range of from about 0.02% to about 0.2%, more preferably in the range of from about
0. 02% to about 0.025%, of the dry weight of the seed. A preferred tocopherol is -

tocopherol.
Example 9
Plastid Expression of

Enzymes Affecting the Biosvnthesis and Accumulation
of Sterol Compounds and Tocopherols

Recombinant plants can be produced in which only the chloroplast DNA has been
altered to incorporate the sterol compound and tocopherol enzyme-encoding sequences
encompassed by the present inveﬁtion. Promoters that function in chloroplasts are
known in the art (Hanley-Bowden et al. (1987) T rend;f in Biochemical Sciences 12: 67-

70). Methods and compositions for obtaining cells containing chloroplasts into which

 heterologous DNA has been inserted have been described, for example, by Maliga et al.

(U.S. Pat. No. 5,451,513) and Daniell et al. (U.S. Pat. No. 5,693,507). A vector can be

constructed which contains an expression cassette from which apeptide, polypeptide, or

-protein affecting the biosynthesis and accumulation of sterol and tocopherol compounds

can be produced. An expression cassette can contain a chloroplast operable promoter

Asequence driving expression of, for example, a 3-hydroxysteroid oxidase gene,

constructed 1n much the same manner as other recombinant constructs described herein,

using PCR methodologies, restriction endonuclease digestion, ligation, etc. A

chloroplast- expressible coding sequence can comprise a promoter and a 5' untranslated -
- region from a heterologous gene or chloroplast gene such as psbA, which would pi'ovide

“for transcription and translation of a DNA sequence encoding a peptide, polypeptide, or

pbtein affecting sterol compound and/or tocopherol biosynthesis in ttie chloroplast; a
DNA sequence encoding the peptide, polypeptide, or protein; and a transcriptional and
translational termination region such as a 3' inverted repeat region of a chloroplast gene
that could stabilize an expressed mRNA coding for such peptide, etc. Expression from
within the chloroplast would enhance accumulation of the expressed product. A host

cell containing chloroplasts or other plastids can be transformed with the expression

‘cassette, and the resulting cell containing the transformed plastids can be grown to

express the encoded enzyme. A cassette can also include an antibiotic, herbicide
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tolerance, or other selectable marker géne in addition to the enzyme; The expression
cassette can be- flanked by DNA sequences obtained, for examle, from a chloroplast
DNA, which would facilitate stable integration of the expression cassette into the
chloroplast genome, particularly by homologous recombination. Alternatively, the
expression cassette may not integrate, but by including an origin of replication obtained
from a chloroplast DNA, would be capable of providing for replication of, for example,
an enzyme-encoding DNA gene within the chloroplast or other plastid.

Plants can be generated from cells containing transformed chloroplasts or other
plastids, which can then be grown to produce seeds from which additional plants can be
generated. Such transformation methods, particularly those in which chloroplast

transformation is effected by integration into the chloroplast genome, possess the

- advantage that chloroplast genes are generally maternally inherited. This provides

environmentally "safe” transgenic plants, virtually eliminating the possibility of escapes
into the environment. Furthermore, chloroplasts and other plasﬁ_ds can be transformed
multiple times to éroduce functional plasud genomes that express multiple desired
recombinant proteins. Segregational events are thus avoided using chloroplast or plastid
transformation. Furthermore, unlike plant nuclear genome expression, expression in
chloroplasts or other plastids can be initiated from only one promoter and continue

through a polycistronic region to produce multiple peptides from a single mRNA.

The expression cassette can be produced in much the same way that other plant

transformation vectors are constructed. Plant plastid-operable DNA sequences can be

inserted into-a bacterial plasmid and linked to DNA sequences expressing desired enzyme

- products, such as a 3-hydroxysteroidoxidase: etc., so that the enzyme is produced within

the chloroplast or other plastid, obviating the requirement for nuclear gene regulation,
capping, splicing, or polyadenylation of nuclear regulated genes, or chloroplast or plastid
targeting sequences. Anexpression cassette comprising a peptide, polypeptide, orprotein

that affects sterol compound and/or tocoplierol biosynithesis and accumulation, which is

_either synthetically constructed or a native gene, can be inserted in(o a restriction site in

a vector constructed for the purpose of transforming chloroplasts or other plastids. The
cassette can be flanked upstream by a chloroplast- or plastid-functional promoter, and
downstream by a chloroplast- or plastid-functional transcription and translation
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termination sequence. The resulting cassette can be incorporated into the chloroplast or
plastid genome using well known homologous recombination methods.

Altemnatively, transformation of chloroplasts or other plastids can be obtained by
using an autonomously replicating plasmid or other vector capable of propagation within
these organelles. One means of effectuating this method is to utilize a portion of the
chloroplast or other plastid genome required for chloroplast or plastid replication
initiation as a means for maintaining the plasmid or vector in the transformed chloroplast
or other plastid. A sequence enabling stable replication of a chloroplast or pla_stid'
epigenetic element could easily be identified from random cloning of a chloroplast or
other plastid genome into a standard bacterial vector which also contains a chloroplast
or other plastid selectable marker gene, followed by transformation of chloroplasts or
other plastids, and selection for transformed cells on an appropriate selection medium.
Introduction of an expression cassette as described herein into a chloroplast- or other
f)lastid-replicable épi genetic element would provide an effective means for localizing an
enzyme-encoding DNA sequence to the chloroplast or other plastid.

A transformed plant, seeds or other vegetable or fruit parts of which contain an
elevated level of sitostanol, at least one sitostanol ester, and mixtures thereéf, aswell as
an elevated level of at least one tocopherol compound, can be selected by appropriate
screening methods, for example by gas chromatography. Preferred plants are those
wherein the seeds contain sitostanol, at least one sitostanol ester, or mixtures thereof, in
an amount of at least about 57% by weight, preferably from about 57% to about 90% by
weight, and more preferably from about 57% to about 65% by weight, of the total sterol
compounds in oil extracted from the seeds. Expressed on a percent seed dry weight
basis, -preferre‘d plants are those that produce seed containing sitostanol, at least one
sitostanol ester, or mixtures thereof, in an amount of at least about 0.08%, preferabl)"
from about 0.08% to about 0.8%, and more preferably from about 0.08% to about 0.4%

 of seed dry weighit.

The tocopherol compound, which can be a-, -, y-, 8-, or €-tocopherol, or
mixtures thereof, can be present in an-amount of at least about 0.02%, preferably in the
rahée of from about 0.02% to about 0.2%, more preferably in the range of from about
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0.02% to abbut 0.025%, of the dry weight of the seed. A preferred tocopherol is

a-tocopherol.

Example 10
5 Modification of Sterol Compound Composition of Oil
in Transgenic Brassica napus by Seed-Specific Exgrgssion
of a 3-Hvdroxysteroid Oxidase Gene

Seeds of Brassica napus (rapeseed; canola) usually contain three major sterol
compounds, viz., as percent of total sterol compounds, brassicasterol (~11%),
10 campesterol (~34%), and sitosterol (~50%). Rapeseed oil is the major source of
| brassicasterol, which is not present in other vegetable seed oils such as those of soybean
and cotton (Gunstone et al. (1994) The Lipid Handbook, Chapman & Hall, London, p.
: 1.25). The structures of brassicasterol, campesterol, and sitosterol, as well as those of the

corresponding reduced phytostanols, are as follows:
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Brassicasterol Brassicastanol

Campesterol Campestanol

Sitosterol Sitostanol

Major sterol compounds of Brassica napus

I3
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An experiment was performed wherein the Strepromyces A19249 3-

hydroxysteroid oxidase disclosed in U_S. patent5.518,908 was overexpressed in Brassica

napus using the embryo-specific napin promoter to determine the effect on seed oil sterol .

compound composition. © As shown below, this resulted in the production and
accumulation of sitostanol, campestanol. and brassicastanol, in addition to the sitosterol,
campesterol, and brassicasterol normally present. Brassicastanolis a novel phytosténol.
The appearance of the reduced stanols was due to the reduction of the C»—SAdouble‘ bond
in sitosterol, campesterol, and brassicasterol, presumably due to the activity of the 3-
hydroxysteroid oxidase enzyme introduced into the transgenic plants.

The following strategy was employed to obtain transgenic Brassica napus plants
expressing the Streptomyces 3-hydroxysteroid oxidase gene in developing embryos.

The Streptomyces 3-hydroxysteroid oxidase gene was excised from plasmid
PMON30423 (Figure 1) by digesting with the restriction enzymes AatIl and Ncol. This
released a fragment of approximately 4Kb that contained the complete 3-hydroxysteroid

oxidase gene (chox), the NOS 3’ end, the bacterial ampiéillin selection marker, and the

pUC origin of replication. Plasmid pMON29141 (Figure 2) was the source for the napin

promoter and chloroplast targeting signal Sequence. PMON29141 was digested with
Aatll and Spel to release a 2.2Kb fragment containing the M13-ori site, the napin
promoter, and the fused pea RUBISCO small subunit chloroplast transit peptide/soy

small subunit chloroplast transit peptide having the following amino acid sequence (SEQ

ID NO: 31):
Met-Ala—Ser-Ser-Met—lle-Ser—Ser-Pro-Ala-Va]-Thr-Thr—Val-Asn~Arg-Ala-Gly-AIa-Gly-
frommmm el - PEA SSU CTP- - - - - - R LT

Met-Val-Ala-Pro-Phe-Thr-Gl y-Leu-Lys-Ser-Met-Ala-Gly—Phe-Pro—Phe-Thr—Gly-Leu-

T T PEASSUCTP-----:--- Peccmmcmmemeeecnn
. Ser-Met-Ala-Gly-Phe-Pro-Thr-Arg-Lys-Thr-Asn Asn-Asn-Asp-Tle-Thr -Ser-Ile-Ala-Ser—Am
S PEASSUCTP------vteeazs S
Gly-Gly-Arg-V al-Gln-Cys-Met-Gln-Val;Trp-Pro-Pro-Ile-Gly-Lys-Lys-Lys-Phe-Glu—'f'hr
LT T T | A SOYSSUCTP----nccecenccans P ]
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The 4Kb fragment containing the 3-hydroxysteroid oxidase gene obtained from

pMON30423, the 2.2Kb nabin fragment from pMON29141, and a Spel-Ncol linker (Life

Technologies, Inc., Gaithersburg, MD) were ligated in a triple ligation mixture that
resulted in the generation of the plasmid pMON43007 (Figure 3). This plasmid was
partially digested with NorI to release the cassette containing the napin promoter, the
fused chloroplast transit peptide, the 3-h)'drpxysteroid oxidase gene, and the NOS 3’
termination signal sequence. This cassette was cloned into the Notl site of the binary
vector pCGN5139 (Figure 4) to create pMON43011 (Figure 5), which was used to
transform Agrobacterium tumefaciens. Brassica napus hypocotyls were cocultivated
with Agrobacterium cells carrying pMON43011 for transformation according to Radke
et al. ((1992) Plant Cell Reports11:499-505); the MS-1; B5-1, and B5-BZ media
contained 0.7% Phytagar. Transgenic plants were selected by resistance to kanamycin,
and were g'rown in the greenhouse aﬁer appropriate selection and rooting was achieved.

Seed. from 27 transgenic plants and one nontransgenic control plant were
harvested at maturity. Seed were ground and extracted for sterol analysis as described
in Example 3. The results are shown in Table 6 and Figure 12. To fully characterize the
steroi compounds present in the trangenic seeds, arepresentative sample, transgenic event
number 9, was also analyzed by GC-MS' for.conformation of the sterol compounds
present as described in Example 3. The mass spectrometry analysis identified
brassicasterol, brassicastanol, campesterol, campestanol, sitosterol. and sitostanol as the
major sterol compounds in the transgenic Brassica napus seeds..

As shown in Table 6, and graphically in Figure 12, significant amounts of the
phytostanols sitostanol, campestanol, and brassicastanol, in addition to the phjtosterols :
sitosterol, campesterol, and brassicasterol norr_naily present, accumulated in seeds of

transgenic Brassica napus expressing the 3-hydroxysteroid oxidase gene under the

* control of the seed-specific napin promoter. Calculated as weight percent of total sterol
. compounds, in the highest stanol accumlating plants, from about 18% to about 22% of

sitosterol was converted to sitostanol (transgenic event numbers 3, 9, 10, 20, 23, and 25),

from about 17% to about 24% of campesterol was converted to campestanol (transgenic

event numbers 3, 8, 9, 10, 15, 20, 23, 24, and 25), and from about 26% to about 43% of
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the brassicasterol was converted to brassicastanol (transgenic event numbers 3, 8, 9, 10,

- 15,20, 23, 24, and 25). Thus, significant amounts of phytostanols not normally present

in seed of Brassica napus were produced and accumulated in seed of the transgenic
plants. ' _

Brassicastanol has not been reported to occur in nature to date (Akihisa et al.
(1992) In Physiology and Biochemistry of Sterols, Patterson et al., Eds., American Oil
Chemists’ Society, Champaign, IL, pp. 172-228). The present results demonstrate the
production of a novel phytostanol in a transgenic plant, in addition to the production of

stanols from their corresponding, C-5 double bond-containing phytosterols, due to the

- activity of an introduced 3-hydroxysteroid oxidase. The other phytostanols observed in

these transgenic seeds, i.e., sitostanol and campestanol, occur commonly, although they
are minor constituents in most oil seeds.
Phytostanols such as sitostanol and campestanol can be made commercially through
hydrogenation of oils. However, by this process, brassicasterol will be hydrogenated to
22-dihydro-brassicastanol, in which both the C-§ and C-22 double bonds are reduced.
It is therefore not commercially feasible to produce brassicastanol by hydrogenation of
oils containing brassicasterol. Thus, the presence of brassicastanol in transgenic plants
of the present invention is unexpected, and of unique commercial importance.

The occurrence of brassicastanol in transgenic rapeseed of the present invention
expressing a 3-hydroxysteroid oxidase enzyme proves that this enzyme specifically

reduces the C-5 double bond of phytosterols, and that its catalytic activity is not

influenced by structural variations in the phytosterol side-chain. The three major

phytosterols present in Brassica seeds, i.e., sitosterol, campesterol, and brassicasterol,

- vary in their side chains. Sitosterol hasaC -24 ethyl side chain, campesterol has a C-24a

methyl side chain, and brassicasterol has a-C-24D methyl side chain and a C-22 double

‘bond. Note the structures presented earlier in this example. In all three cases, the C-5

doublebond in thes_e phytosterols of transgenic seeds was reduced, while the C-22 double

‘bond of brassicastanol remained intact. The following is a scheme for the enzymatic.

conversion of phytosterols (brassicasterol and B-sitostgrol) to phytostanols
(brassicastanol and f-sitostanol, respectively) catalyzed by 3-hydroxysteroid oxidases

and sterol C-5 reductases (steroid Sa-reductases):



WO 00/61771 . ' "PCT/US00/09696

117

“
HO 7 .
Brassicasterol 24-methyl-4-en-3-one Brassicastanol
[+ HO ™
B-Sitosxerdl : 24-ethyl-4-en-3-one » B-Sitostanol

Scheme for the catalytic conversion of phytosterols to phytostanols
by 3-hydroxysteroid oxidases-and
sterol C-5 reductases

Brassicastanol can be isolated from the sterol mixture using specific high
performance liquid chromatographic (HPLC) methods known in the art. This will
involve using reverse phase columns. Phytosterols and phytostanols can be separated

5 from one another based on their structural propertiés, such as the number of double
bonds in the rings and side chain, and also based on the number of methy! groups on
the side chain, i.e., 24-methyl from 24-ethy‘l. 24-methyl epimers (24« from 24f) such
as campestano! and brassicastanol can also be separated by using specific reverse-
phase columns such-as TSK-Gel ODS columns with a solvent system of methanol-

- 10 isopropanol (4:1, v/v). These methods, and examples thereof, are extensively
described in the monograph Analvsis of Sterols by Goad L.J. and Akihisa T. (Chapter
4, pp 91-114, Chapman & Hall, London, UK, 1997).
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Example 11

Modification of Sterol Compound Composition of Oil in Transgeﬁic Glycine max
by Seed-Specific Expression of a 3-Hvdroxvsteroid Oxidase Gene

Seeds of Glycine max (soybean) usually contain three major sterol
compounds, viz., as percent of total sterol compounds, campesterol (~20%),

stigmasterol (~18%) and Sitosterol (~57%). Structures of stigmasterol and

stigmastanol are as follows:

L

HO

Stigmasterol Stigmastanol

An experiment was performed wherein the Strepromvces A19249 3-
hydroxysteroid oxidase disclosed in U.S. patent 5,518,908 was overexpressed in
'Glycine max using the embryo-speciﬁc 7S promoter to determine the effect on seed

oil sterol compound composition. As shown below, this resulted in the production

and accumulation of campestanol, stigmastanol and sitostanol, in addition to the

campesterol, stigmasterol and sitosterol normally bresent. Stigmastanol is a novel

phytostanol. The appearance of the reduced stanols was dﬁe to the reduction of the C-

5 double bond in campesterol, stigmasterol and sitosterol, presumably due to the

activity of the 3-hydr6xysteroid oxidase enzyme i‘ntroduced into the transgenic plants. .
The following strategy was employed to obtain transgenic Glveine max plants

expmsing. the Streptomyces 3-hydmxystéroid oxidase gene developing embryos.

The plasmid pMON 43007 (Figure 3) was.generated as described in Exainple 10.

This plasmid was digested with Bg/II and BamHI to release a 1.8Kb fragment
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containing the fused chloroplast transit peptide and the 3-hydroxysteroid oxidase
gene. This cassette was cloned into the Bg/ll site of the binary vector pMON29920
(Figure 6) to create pMON43008 (Figure 11), which was used to transform
Agrobacterium tumefaciens. Soybean explants were transformed as described in

5  Example 3.

Seed from 30 trénsgenic plants and one nontransgenic control plant were
harvested at maturity. Ten seeds from each plant were ground into a fine powder
individually. .A known amount of cholestane (usually 100 pg in 100ul ethanol) was
added to each approximately 50 mg powder sample. Sterol compounds were extracted

10  and analyzed as described in Example 3. The results are shown in Table 7.




PCT/US00/69696

WO 00/61771

122

Iie

0'9g eIy N 8'G v'29 9'g b7
0’8 8  [s99 |oo _ £zl 00 {vsi ¥4
ey e 1'ge |gvp 9g 69 9'€S '8 ] 0z
1'95 v'oy 91e |sor 9 69 £'65 68 1’9 6t
Le b’ Lve oo . '€ 00 9 8l
vy 70g L'vE. |€8E v'9 €0l STy 6L L0} Ll
209 60V 59z |+¢ES 8 69 029 Tvu 89 ot
fozy 8z '8¢ |LL€ SG '8 Zp L b 51
Le vz 8z9 |00 r'l 00 0z i
oy 92 1'ey |00 gyl 0'0 561 gl
6€ loz gv9 {00 a 00 lzel 121
1'¥G v'0¢ 60E |C b LS ) 1'96 901 £8 m
108 Ges €EL . |vvl 9kl 2 I'v8 8yl I8 ol
z09 G'8E 56z 8¢S '8 Sl v'v9 e (20 6
€6 v'e v'09 {00 £l 00 " leoz L
L9 ep 965 (00 St 00 big L
9L oY 6ss |oo $'94 00 V'eZ B E
SvL v'8y 99F |09 LT €9 Z'i8 gel z€ S
0L Ly lezs oo ey 00 L'81 ¢
1'ES L'9¢ y2Ze o6y 5. 8L £09 ¥'6. Z9 |€
v'¢9 V'EY 29z |LES 87 69 81l IFAD by Z
19 Zv 1'8s {00 0 Z'81 00 0. 561 }
[OUBISONS %] Iougiso)S| 10ie1sons| (oueisewBns % |oueisewdnS| 10/0)sewbBiS]|  [OUEISB0WED 9% |oug)seawey {oiaisedwe) Jueld
B L 9IqBL o a

174

St

01



. WO 00/61771 : ' PCT/US00/09696

123

MR VO OjOIN]© O
alolvj~]l sjolojo ]«
"ol B4 B2 B'21 - d Kzl 8 Ye) [(e)
had Bt ] I ] ] e K
QIO ~] ~IIO)fO
af I | <] of | < <
I NE DR ERNRIE
all<lololgl-{wv]lw
) ofloloigim]olw
SiNINIB| 0O~ O | ®©
glalslslslielglel g
IO T M| N <
0 | ©f N} =} © @
nf < ol vl ojwv
N N Bad B3 A B Bl Il B
~iNlolof ol ofw] <o
el
id B B Bd B Bt B B3 e
~loajlolsloloja]o]| o
wlwujwv]of <] n|o ©
| B} T O] N ] o N
Nl o] ol sl o] -]
—
B ool sal ol o|w =
gohommmmmv
-
e
§
- )
oleslvioi~lolo]jo ]~
Lol BV YT IS B I B Y BB B
@
3
2




WO 00/61771 PCT/US00/09696

124

Significant ﬁmoums of the phytostanols sitostanol, campestanol and
stigmastanol, in addition to the phytosterols sitosterol, campesterol and stigmasterol
normally present, accumulated in seeds of transgenic Glvcine max expressing the 3-
hydroxysteroid oxidase gene under the control of the seed-specific 7S promoter:

5 Calculated as weight percent of total sterol compounds, in the highest phytostanol
accumulating plants, from about 60% to about 80% of sitosterol was converted to
sitostanol (transgenic event numbers 2, 5, 9, 10, 16, and 31), from about 51% to 74%
of stigmasterol was converted to stigmastanol (transgenic event numbers 2, 5,9, 10,
16, 22, 26, and 31) and from about 60% to 84% of campesterol was converted to

10 campestanol (transgenic event numbers 2, 3, 5, 9, 10, 16, 22, 26, 29 and 31). Thus,
significant amounts of phytostanols not normally present in seeds of Glycine max
were produced and accumulated in seeds of trarisgenic plants.

Stigmastanol is a novel phytostanol produced in these transgenic plants. The
other phytostanols observed in these transgenic seeds, i.e., sitostanol and campestanol,

15 occur commonty, although they are minor constituents in most oil seeds.
Phytostanols such as sitostanol and campestanol can be made commercially from
sitosterol and campesterol through hydrogenation. However, by this process,
stigmasterol will be hydrogenated to sitostanol, in which both the C-5 and C-22
.double bonds are reduced. It is, therefore, not commeréially feasible to produce

20 stigmastanol by hydrogenation of oils containing stigmasterol. Thus, the presence of
stigmastanol in transgenic plants of the present invention is unexpected, and of unique
corhm_ercia] importance. »

The occurrence of stigmastanol in transgenic soybeans of the presént
invention expressing:B-hyd'roxysteroid oxidase enzyme proves that this enzyme

25 si)eciﬁcally'reduces the C-5 double bond of phytosterols. This observation along with

- that of the formation of brassicastanol in rapeseed, described in Example 9, proves

" that this enzyme's éatalytic activity is not influenced by structural variations in the
phytosterol side-chain. Brassicasterol has a C-24 methyl side chain and C-22 double
bond while stigmasterol has C-24 ethyl side chain and C-22 double bond. The

30 formation of brassicastanol and stigmastanol indicates that the enzyme 3-

e reBen

LY
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hydroxysteroid oxidase can reduce the C-5 double bond in both cases. The scheme of
the enzymatic conversion of stigmasterol to st gmastanol catalyzed by 3-
hydroxysteroid oxidases and sterol C-5 reductases (steroid Sa-reductases) is shown

below: » -l

HO ' HO

Stigmasterol ) 24-cthyl-+-en-3-one Stigmastanol

Seven of these 30 transgenic events (event numbers 2, 3, 5, 9, 10, 11,and 15)
were carried forward to the next generation. For this 30 seeds from each event were
" planted in pots in the greenhouse and seeds collected at maturity. Leaf samples from
. -each plant were also collected during the early stage of growth. Leaf samples were
g ‘A10>_used‘ to screen for the marker gene expression by performing NPTII ELISA assays
using commercial kits. After seed harvest ﬁvé seeds from each plant were ground to a
 fine powder and a pértion weighed and subjected to étgrol-extrac_tiqn and analysis as
described in Example 9. Data from leaf ELISA and sterol analysis is presented in
“Tables. )
__15 : Several plants from each event did not survive in the greenhouse and s0 sceds
“from less than 30 plants per event were collected. Within each event there are both
‘positive transgenic plants as well as negative, as can be seen from the NPTII ELISA

~ data. The ratio between the positives and negatives will indicate the number of gene
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inserts per event. When only one copy of the iransgene is inserted there should be a
- 3:1 segregation ratio. Thus, of the seven events. three have more than one insert copy.
These are event numbers 3.5 and 10. The rest have single insert copies. Further, in all
events there is a good correlation between plants being NPTII positive and phytosterol
5 to phytostanol conversion. This evidence further supports the fact that phytostanol
 formation is dependent on the presence of the 3-hydroxysteroid oxidase gene in the

plant’s genome. The trait is thus heritable.

v
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In light of the detailed description of the invention and tﬁe examples
presented above, it can be appreciated that the several aspects of the invention are
achieved. |

Itis to be understood that the present invention has been described in
detail by way of illustration and example in order to acquaint others skilled in the
art with the invention, its principles, and its practical application. Particular
formulations and processes of the present invention are not limited to the
descriptions of the specific embodiments presentéd, but rather the descriptions and
examples should be viewed in terms of the claims that follow and their
equivalents. While some of the examples and descriptions above include some
conclusions about the way the invention may function, the inventors do not intend
to be bound by those conclusions and functions, but put them forth only as
possible explanations.

It is to be further understood that the specific embodiments of the present

~ invention as set forth are not intended as being exhaustive or limiting of the

invention, and that many alternatives, modiﬁcaﬁons, and variations will be
apparent to those of ordinary skill in the art in light of the foregoing éxamples and
detailed description. Accordingly, this invention is intended to embrace all such
alternatives, modifications, and variations that fall within the spirit and scope of

the following claims.

PCT/US00/09696
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What Is Claimed Is:
1. A recombinant construct, comprising as operably linked'corhbonen’ts in the

5' to 3' direction, a member selected from the group consisting of:

a seed-specific promoter or a promoter functional in a plant plastid, a DNA
sequence encoding a 3-hydroxysteroid oxidase enzyme, and a transcription
termination signal sequence;

a seed-specific promoter or a promoter functional in a plant plastid, a DNA
sequence encoding a steroid Sa- reductase enzyme, and a transcription termination
signal sequence; _

a seed-specific promoter or a promoter functional in a plant plastid, a DNA

sequence encoding a 3-hydroxy-3-methylglutaryl-CoA reductase enzyme, and a

- transcription termination signal sequence;

a seed-specific promoter or a promoter functional in a plant plastid, a DNA
sequence encoding a sterol methyl transferase enzyme, and a transcription
termination signal sequence;

a seed-specific promoter or a promoter functional in plant plastid, a DNA
sequence encoding a steroi acyltransferase enzyme, and a transcription termination
signal sequence; and

a seed-specific promoter or a promoter functional in a plant plastid, a DNA
sequence encoding an S-adenosylmethionine-dependent y-tocopherol

methyltransferase enzyme, and a transcription termination signal sequence.

© 2" Therecombinant constructof claim 1, which, when said promoter is a

- seed-specific promoter; further comprises a transit peptide coding region capable.

of directing transport of said enzyme into a plastid, operatively linked to said

- DNA séquence.
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3. The recombinant construct of claim 1, which, when said promoter is a
promoter functional in a plant plastid, further comprises:
a gene encoding a selectable marker for selection of plant cells comprising a
plastid expressing said marker, and

5  DNA regions of homology to the genome of said plastid, wherein said regions of
homology flank said promoter functional in a plant plastid, said DNA sequénce,
said transcription termination signal sequence, and said gene encoding a selectable
marker. '

4. The recombinant construct of claim 1, which, when said promoter is a
promoter functional in a plant plastid, further comprises a ribosome binding site

joined to said plastid promoter.

5. The recombinant construct of claim 4, wherein said ribosome binding site
is obtainable from a leader sequence selected from the group consisting of a site

derived from a plastid; bacterial, or bacteriophage leader sequence.

6. The recombinant construct of claim 5, wherein said ribosome binding site
is selected from the group consisting of the binding site of the gene 10 leader and
the rbcLRBS site.

7. A recombinant vector comprising said recombinant construct of any one of
claims 1-6.

8. The recombinant vector of claim 7, which is a plant expression vector.

9. A transformed host cell, comprising said recombinant construct of any one

' of claims 1-6.

10. The transformed host cell of claim 9, which is a plant-cell.
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1. A traﬁsformed host cell, comprisiﬁg said recombinant vector of claim 7.
12. The transformed host cell-of claim 11, which is a plant cell.
13. A transformed host cell, comprising said recombinant vector of'claim 8.
14.  The transformed host cell of claim 13, which is a plant cell.

15. A plant, comprising at least one transformed host cell according to any one

of claims 10, 12, or 14.

16. A seed, comprising at least one transformed host cell according to ahy one

of claims 10, 12, or 14.

17. A plant, the genome of which comprises introduced DNA selected from
the group consisting of:

DNA encoding a 3-hydroxysteroid oxidase enzyme, wherein said introduced DNA
is operatively linked to regulatory signals that cause seed-specific or plastid-
specific expression of said introduced DNA, and wherein seeds of said plant

contain an elevated level of sitostanol, at least one sitostanol ester, or a mixture

.. thereof, corﬁpared to seeds of an otherwise identical plant, the genome of which A

does not comprise said introduced DNA;

DNA encoding a steroid Sa-reductase enzyme, wherein said introduced DNA is
operatively linked to regulatory signals that cause seed-specific or plastid-specific

“expression of said introduced DNA, and wherein seeds of said plant contain an

elevated level of sitostanol, at least one sitostanol ester, or a mixture theréof,

compared to seeds of an otherwise identical plant, the génome_ of which does not

' comprise.said.introduced DNA;

DNAs encoding a 3-hydroxysteroid oxidase enzyme and a steroid Se-reductase

enzyme, wherein said introduced DNASs are operatively linked to regulatory
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signals that cause seed-specific or plastid-specific expression of said introduced

- DNAs, and wherein seeds of said plant contain an elevated level of sitostanol, at

least one sitostanol ester, or a mixture thereof, compared to seeds of an otherwise
identical plant, the genome of which does not comprise said introduced DNAs;
DNAs encoding a 3-hydroxysteroid oxidase enzyme and a tocopherol biosynthetic
enzyme, wherein said introduced DNAs are operatively linked to regulatory

signals that cause seed-specific or plastid-specific expression of said introduced

‘DNAs, and wherein seeds of said plant contain an elevated level of sitostanol, at

least one sitostanol ester, or a mixture thereof, and at least one tocopherol
compound, compared to seeds of an otherwise identical plant, the genome of

which does not comprise said introduced DNAs;

'DNAs encoding a steroid Sa-reductase enzyme and a tocopherol biosynthetic

enzyme, wherein said introduced DNAs are operatively linked to regulatory
signals that cause ;c,eed-speciﬁc or plastid-specific expression of said introduced
DNAEs, and wherein seeds of said plant contain an elevated level of sitostanol, at
least one sitostanol ester, or a mixture thereof, and at least one tocopherol
compound, compared to seeds of an otherwise identical plant, the genome of
which does not comprise said introduced DNAs;

DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid Sec-reductase
'e.nzyme, and a tocopherol biosynthetic enzyme, wherein said introduced DNAs are

operatively linked to regulatory signals that cause seed-specific or plastid-specific

expression of said introduced DNAs, and wherein seeds of said plant contain an

- elevated level of sitostanol, at least one sitostanol ester, or a mixture thereof, and

at least one tocopherol compound, compared to seeds of an odxerWise identical
plant, the genome of which does not comprise said introduced DNAs;

DNA encoding a 3-hydroxy-B-methy'lglutaryl-CoA reductase enzjm_e, wherein
said int_rdduced DNA is operatively linked to regulatory signals that cause seed-

- specific or plastid-specific expression of said introduced DNA, and wherein seeds

of said plant contain an elevated level of at least one sterol, at least one

phytosterol; at least one phytosterol ester, at least one phytostanol, at least one
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phytostanol ester, or mixtures thereof. compared to seeds of an otherwise -

identical plant. the genome of which does not comprise said introduced DNA;

DNAs encoding a 3-hydroxysteroid oxidase enzyme and a 3-hydroxy-3-

‘methylglutaryl-CoA reductase enzyme, wherein said introduced DNAs are

operatively linked to regulatory signals that cause seed-specific or plastid-specific
expression of said introduced DNAs, and wherein seeds of said plant contain an

elevated level of at least one sterol, at least one phytosterol, at least one

phytosterol ester, at least one phytostanol, at least one phytostanol ester, or

mixtures thereof, compared to seeds of an otherwise identical plant. the genome

of which does not co>mprisc said introduced DNAs;

DNAs encoding a steroid Sa-reductase enzyme and a 3-hydroxy-3-
methylglutaryl-CoA reductase enzyme, wherein said introduced DNAs are
operatively linked to regulatory signals that cause seed-specific or plastid-specific
expression of said introduced DNAs, and wherein seeds of said plant contain an
elevated level of at least one sterol, at least one phytosteml, at least one
phytosterol ester, at least one phytostanol, at least one phytostanol ester, or
mixtures thereof, compared to seeds of an otherwise identical plant the genome of
which does not comprise said introduced DNAs;

DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid 5a-reductase
enzyme, and a 3-hydroxy-3-methylglutarvi-CoA reductase enzyme, wherein said
introduced DNAs are operatively linked to regulatory signals that cause seed-
specific or plastid-specific expression of said introduced DNAs, and wherein

- seeds of said plant contain an elevated level of at least one sterol, at least one
_phytosterol, at least one phytosterol ester, at least one phytostanol, at least one
‘phytostanol ester, or mixtures thereof, compared to seeds of an otherwise identical
4plant,' the genome of which does not comprise said introduced DNAS;
DNAs encoding a.3-hydroxysterdid oxidase enzyme‘ a 3-hydroxy-3-

methylglutaryl-CoA reductase enzyme, and a sterol methyltransferase enzyme,
wherein said introduced DNAS are operatively linked to regulatory signals that
cause seed-specific or plastid-specific expression of said introduced DNAs, and

- wherein seeds of said plant contain an elevated level of at least one sterol, at least
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one phytosterol, at least one phytosterol ester. at least one pﬁytostanol. at least
-one phytostanol ester, or mixtures thereof. as well as a reduced level of
80  campesterol, a campesterol ester, campestanol, a campestanol ester, or mixtures
o thereof, compared to seeds of an otherwise identical plant, the genome of which
does not comprise said introduced DNAs;
DNAs chcoding a steroid See-reductase enzyme, a 3-hydroxy-3-methylglutaryl-
CoA reductase enzyme, and a sterol methyitransferase enzyme, wherein said
85  introduced DNAS are operatively linked to regulatdr_v sign_alé that cause seed-
specific or plastid-specific expression of said introduced DNAs, and wherein
seeds of said plant contain an elevated level of at least one sterol, at least one
phytosterol, at least one phytosterol ester, at least one phytostanol, at least one
phytostanol ester, or mixtures thereof, as well as a reduced level of campesterol, a
90 campesterol ester, campestanol, a campestanol ester, or mixtures thereof,
compared to seeds of an otherwise identical plant, the genome of which does not -
comprise said intrbduced DNAs; and
DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid Se-reductase
enzyme, a 3-hydroxy-3—methylgiutaryl—CoA reductase enzyme, and a sterol
95 methyltransferase enzyme, wherein said introduced DNAs are operatively linked
to-regulatory signals that cause seed-specific or plastid-specific expression of said
introduced DNAS, and wherein seeds of said plant contain an elevated level of at
least one sterol, at least one phytosterol, at least one phytosterol ester, at least one
' - phytostanol, at least one phytostanol ester, or mixtures thereof, as well as a
100 - reduced level of campesterol, a campesterol estef campestanol, a campestanol
ester, or mixtures thereof, compared to seeds of an otherwxse identical plant, the

B genome of which does not comprise said mtroduced DNAs. . -

18 The piant of claim 17, wherein said g'enqme further comprises ihtroduce_d

DNA enéoding a sterol acyltransferase enzyme, wherein said introduced DNAs
are operatively linked to regulatory signals that cause seed;speciﬁc or plastid-

specific expression of said introduced DNAs, and wherein seeds of said plant

5 _contain an elevated level of at least one sterol when DNA encoding a 3-hydroxy-
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3-methylglutaryl-CoA reductase enzyme is introduced into said plant. at least one
phytosterol, at least one phytosterol ester. at least one phytostanol, at least one
phytostanol ester, or mixtures thereof, compared to seeds of an otherwise identical

plant, the genome of which does not comprise said introduced DNAs.

19.  The plant of claim 17 or 18, wherein said genome further comprises
introduced DNA encoding an S-adenosylmethionine-dependent y-tocopherol
methyliransferase enzyme, wherein said introduced DNAs are operatively linked
to regulatory signals that cause séed—speciﬁc or plastid-specific expression of said
5  introduced DNAGs, and wherein seeds of said plant contain an elevated level of at
least one sterol when DNA encoding a 3-hydroxy-3-methylglutaryl-CoA
- reductase enzyme is introduced into said plant, at least one phytosterol, at least
one phytosterol ester, at least one phytostanol, at least one phytostanol ester, or
mixtures thereof, as wellb as an elevated level of a-tocopherol, compared to seeds
10 of an otherwise identical plant, the genome of which does not comprise said

introduced DNAs.

20.  The plant of any one of claims 17, 18, or 19, seed of which contains

brassicastanol, a brassicastanol ester, stigmastanol or a stigmastanol ester.

~21. A plant, the genome of which contains at least one introduced DNA
“-sequence enc'oding a peptide, polypeptide. or protein that affects the biosynthesis
-and accumulation of at least one sterol, at least one phytosterol, at least one
phytosterol ester, at least one phytostanol, at least-one phytostanol ester, or
5. 'mixtures thereof,

wherein said introduced DNA is operably linked to regulatory signals that cause
seed-specific or plastid-speciﬁp expfeésion of said introduced DNA, and

-wherein said plant produces seed having an elevated level of at least one sterol, at
least one phytosterol, at lea_st one phytosterol ester, at least one phytostanoi, at

10 -least one phytostanol ester, or mixtures thereof, compared to a corresponding

tfansgénic or non-transgenic plant that does not contain said introduced DNA.

i L e S B SR R s e s
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22. - The plant of claim 21, wherein said at least one phytostanol is sitostanol,

and said at least one phytostanol ester is a sitostanol ester.

~23.  Aplant that produces seed having an elevated level of a compound
selected from the group consisting of sitosterol, at least one sitosterol ester,
sitostanol, at least one sitostanol ester, and mixtures thereof, as well as a reduced
level of a compound selected from the group consisting of campesterol, a

5 campesterol ester, brassicaéteiol, a brassicasterol ester, campestanol, a

campestanol ester, brassicastanol, a brassicastanol ester, and mixtures thereof,
compared to a corresponding transgenic or non-transgenic plant that does not
contain introduced DNA encoding a peptide, polypeptide, or protein that affects
phytosterol or phytostanol bioéymhesis and accumulation in said corresponding

10  plant.

24. A plant that produces seed having a reduced level of 2 compound selected
from the group consisting of campesterol, 2 campesterol ester, brassicaéterol, a
brassicasterol ester,. campestanol, a campestanol ester, brassicastanol, a
brassicastanol ester, and mixtures thereof, compared to a corresponding transgenic
5  or non-transgenic plant that does not contain introduced DNA encoding a peptide,
polypeptide, or protein that affects phytosterol or phytostanol biosynthesis and

accumulation in said corresponding plant.

25.  The plant of any one of claims 21, 22, 23, or 24, wherein said seed

ccontains an elevated level of a—tocopherbl.

26.  The plant of any one of claims 21, 22, 23, 24, or 25, wherein said seed also
contains a‘c,ompound'selected from the group consisting of brassicastanol, at least
one brassicastanol ester, stigmastanol, at least one stigmastanol ester, and mixtures

thereof. .
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27.  The plant of any one of claims 17 to 26, wherein said regulatory signals
cause seed-specific expression of said introduced DNAs, and wherein each of said
introduced DNAs is further operatively linked to a transit peptide coding region
capable of directing transport of said enzyme encoded thereby into a plastid.

28.  The plant of any one of claims 17 to 26, wherein said regulatory signals

cause plastid-specific expression of said introduced DNAs, and wherein said

genome is a plastid genome.

'29. A seed of a plant according to any one of claims 15 or 17 to 28.

30. Progeny of a plant according to any one of claims 15 or 17 to 28.

31. A transformed plant cell or cell of a plant according to any one of claims

15 0r 17 to 28.

32.  Acell culture, comprising cells according to claim 31.

33. A method of producing oil containing sitostanol or a sitostanol ester,
comprising culturing cells according to claim 31 for a time and under conditions

conducive to the production of oil containing sitostanol or a sitostanol ester, and

recovering said oil containing sitostanol or a sitostanol ester produced thereby.

34. - A method of producing sitostanol or a sitostanol ester, comprising .
culturing cells according to claim 31 for a time and under conditions conducive to

the production of sitostanol or a sitostanol ester, and recovering said sitostanol or

_sitostano! ester produced thereby.

35. A plant produced from a seed according to claim 29..
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36. A method of producing a plant that accumulates an elevated level of a
compound selected from the group consisting of sitosterol. at least one sitosterol
ester, sitostanol, at least oné sitostanol ester, and mixtures thereof, in seed of said
blant compared to seed of a corresponding plant comprising no introduced DNA
encoding a beptide, polypeptide, or protein that affects the biosynthesis and
accumulation of a phytosterol or phytosterol ester, or a phytostanol or phytostanol
ester, comprising sexually crossing a plant according to any one of claims 15 or

17-28 with said corresponding plant.

.37. A plant produced by the method of claim 36.

38.  Anplant according to any one of claims 15 or 17 to 28, wherein said plant

is an apomicitic plant.

39, A seed resulting from a cross of the plant of claim 38 with a nurse

cultivar.

40. A uniform population of plants according to any one of claims 15, 17-28,

37 or 38.

41. A method of producing a compound selected from the group consisting of

at least one phytosterol, at least one phytosterol ester, at least one phytostanol, at

_ least one phytostanol ester, and mixtures thereof, in a seed, comprising obtaining a

transformed plant that produces said seed, wherein said plant has and expresses in

its genome DNA selected from the group consisting of:

- DNA encoding a 3-hydroxysteroid oxidase eﬁzyme, wherein said DNA is

operatively linked to regulatory signals that cause seed-specific or plastid-specific .

‘expression of said DNA;
 DNA encoding a steroid 5a-reductase enzyme, wherein DNA is operatively linked

to regulatorysignals that cause seed-specific or plastid-specific expression of said

gt s NN Lol .
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DNAs encoding a 3-hydroxysteroid oxidase enzyme and a steroid Sa-reductase
enzyme, wherein said DNAs are operatively linked to regulatory signals that cause
seed-specific or plastid-specific expression of said DNAs;

DNAs encoding a 3-hydroxysteroid oxidase enzyme and a tocopherol biosynthetic
enzyme, wherein said DNAs are operatively linked to regulatory signals that cause
seed-specific or plastid-specific expression of said DNAs;

DNAs encoding a steroid Sa-reductase enzyme and a tocopherol biosynthetic
enzyme, wherein said DNASs are operatively linked to regulatory signals that cause

' seed-specific or plastid-specific expression of said DNAs;

DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid Sa-reductase
enzyme, and a tocopherol biosynthetic enzyme; wherein said DNAs are
operatively linked to regulatory signals that cause seed-specific or plastid-specific

expression of said DNAs;

- DNA encoding a 3-hydroxy-3-methylglutaryl-CoA reductase enzyme, wherein

said DNA is operatively linked to regulatory signals that cause seed-specific or
plastid-specific expression of said DNA; '

DNAs encoding a 3-hydroxysteroid oxidase enzyme and a 3-hydroxy-3-
me'thylglutafyl.—CoA reductase enzyme, wherein said DNAs are operatively linked
toregulaiory signals that cause seed-specific or plastid-specific expression of said
DNAs; |

DNAs encoding a steroid Sa-reductase enzyme and a 3-hydroxy-3-
methylglutaryl-CoA reduéta_se enzyme, wherein said DNAs are operatively linked
to regulato-ry“sig’nal‘s that‘cause‘seed-speciﬁc or plastid-specific expression of said
DNAs; '

DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid Sa-reductase
enzyme, and a 3;hydroky-3-methylglutaryl-CoA reductase enzyme, whcrcfn said
DNAs are operatively linked to régulatory signals that céuse seed-specific or
plastid-specific expression of s‘aid_DNAs;

DNAs encoding a 3-hydroxysteroid oxidase enzyme, a 3-hydroxy-3-

methylglutaryl-CoA reductase enzyme, and a sterol methyltransferase enzyme,

o Bl
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wherein said DNAs are opefatively linked to regulatory signals that cause seed-
_ _speciﬁé or plastid-specific expression of said DNAs;
DNAs encoding a steroid Sa-reductase enzyme, a 3-hydroxy-3-methylglutaryl-
45 - CoA reductase enzyme, and a sterol methyltransferase enzyme, wherein said
DNAs are operatively linked to regulatory signals that cause seed-speciﬁc or
plastid-specific expression of said DNAs; and | A
DNAs encoding a 3-hydroxysteroid oxidase enzyme, a steroid Se-reductase
enzyme, a 3-hydroxy—J-methylglutéryl-CoA reductase enzymie, and a sterol
50 inethyltransferase enzyme, wherein said DNAs are operatively linked to
regulatory signals that cause seed-specific or plastid-specific expression of said
DNAs; and
recovering said at least one phytosterol, at least one phytosterol ester, at least one

phytostanol, at least one phytostanol ester, or mixtures thereof.

42. The method of claim 41, wherein said plant fux_ther has and expresses in its
genome DNA encoding a sterol acyltransferase enzyme operatively linked to
regulatory signals that cause seed-specific or plastid-specific expression of said

acyltransferase enzyme-encoding DNA.

43.  The method of claim 41 or 42, wherein said plant further has and
expresses in its genome DNA encoding an S-adenosylmethionine-dependent
: ';y-tocopherol-methyltransferase enzyme ‘operatively linked to regulatory signals
 that cause seed-specific or plastid-specific expression of said DNA

5 methyltransferase enzyme-encoding DNA.

44 . The iqéthod of any one of claims 41 to 43, wherein, when said regulatory

signals cause seed-specific expression of said enzyme-encoding DNAs, each of

said enzyme-encoding DNASs is further oberatively linked to a transit peptide

-coding region capable of directing transport of said enzyme encoded thereby into a
5 plastid.
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45.  The method of any one of claims 41 to 43, wherein, when said regulatory
signals cause seed-specific expression of said enzyme-encoding DNAs, said

genome is the nuclear genome.

46. The method of any one of claims 41 to 43, wherein, when said regulatory
signals cause plastid-specific expression of said enzyme-encoding DNAs, said

genome is a plastid genome.

47. A method of producing sitostanol or at least one sitostanol fatty acid ester,
comprising growing said plant of any one of claims 15, 17-28, 30, 35, 37 or 38

and recovering said sitostanol or sitostanol fatty acid ester produced thereby.

48. A method of producing brassicastanol, at least one brassicastanol ester,

stigmastanol, or at least one stigmastanol ester, comprising growing said plant of
-any one of claims 15, 17-28, 30, 35, 37 or 38, and r'ecoverin_g said brassicastanol,

at least one brassicastanol ester, stigmastanol or at least one stigmastanol ester -

5  produced thereby.
49.  Seed of a plant produced by the method of claim 36.

50. A part, other than a seed, of a plant according to any one of claims 15, 17-
28, 30,35, 37 or 38, |

51.  0il contéining a compound selected from the group consisting of at least
one sterol, at least one phytosterol, at least one phytosterol ester, at least one
phytostanol, at least one phytostanel ester, and mixtures thereof, extracted from
seed of a plant according to any one of claims 15, 17-28, 30, 35, 37, 38.
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52.  Oil containing a compound selected from the group consisting of at least
one sterol, at least one phytosterol, at least one phytosterol ester, at least one
phytostanol, at least one phytostanol ester, and mixtures thereof, produced by the

method of any one of claims 33 or 41 to 48.

53.  Oil according to claim 51 or 52, wherein sitostanol, at least one sitostanol
ester, or mixtures thereof, compnise at least about 57% by weight of the total sterol

compounds of said oil.

54.  Oil according to claim 51 or 52, wherein sitostanol, at least one sitostanol
ester, or mixtures thereof, comprise at least about 0.08% of the dry weight of said
seed.

55.  Oil according to claim 54, which further comprises a tocopherol

compound in an amount of at least about 0.02% of the dry weight of said seed.

56.  Oil according to any one of claims 51-55, further comprising
brassicastanol, at least one brassicastanol ester, stigmastanol or at least one

stigmastanol ester.

57.  Oil according to any one of claims 51 to 56, wherein the amount of
campesterol, at least one campesterol ester, campestanol, at least one campestanol

-ester, or mixtures thereof present in said oil is reduced. -

58.  0il according to claim 57, wherein the reduction in said amount of.
campesterol, at least one campesterol ester, campestanol, at least one campestanol

ester, or mixtures thereof is in the range of from about 10% to about 100%.

59.  Asitostanol ester composition extracted from seed of a plant according to
amy one of claims 15, 17 to 28, 30, 35, 37 or 38.
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60. A sitostanol ester composition produced by the method of any one of
claims 33 or 41 to 48.
61.  The sitostanol ester composition of claim 59 or 60, wherein an esterifying

fatty acid has 2 to 22 carbon atoms in the main chain.

62. A cholesterol-lowering composition, comprising said oil of any one of

claims 51 to 58.

63. A food, food ingredient, or food composition, comprising said oil of any

one of claims 51 to 58.

- 64 A pharmaceutical composition, comprising a cholesterol-lowering

i®

" effective amount of said oil of any one of claims 51 to 58, and a pharmaceutically

acceptable carrier, excipient, or diluent.

65. A method of lowering the plasma concentration of low density lipoprotein
cholesterol, comprising orally administering to a human or animal subject an

effective amount of a composition-according to any one of claims 62-64.

-66. A method of treating or preventing an elevated plasma concentration of
“low density lipoprotein cholesterol, comprising orally administering to a human or
_animal subject an effective amount of a composition according to any one of

" claims 62-64.

" 67. A method of achieving effective absorption of sitostanol into host,

* comprising:

producing at least one sitostanol ester by the method of any one of claims 33, 34,

' or 41-48; and

administering said at least one sitostanol ester to said host.
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68. The method of claim 67, wherein said host is a human or an animal.

"69. A méthod of making a food additive composition, comprising:

| obtaining oil containing a phytostanol compound selected from the group
éonsisting of sitostanol, at least one sitostanol ester, and mixtures thereof from
seed of a transgenic plant according to any one of claims 15, 17 to 28, 30, 35, 37

"5 or38;and

mixing said oil with an edible solubilizing agent, an effective amount of a

dispersant, and optionally, an effective amount of an antioxidant.

70. A method of making a food additive composition, comprising:
obtaining oil containing at least one tocopherol, and a phytostanol compound
selected from the group consisting of sitostanol, at least one sitostanol ester, and
mixtures thereof, from seed of a transgenic plant according to any one of claims
5 15, 17-28, 30, 35, 37 or 38; and mixing said oil with an edible solubilizing agent

and an effective amount of a dispersant.

71.  Brassicastanol, having the structure:

Brassicastanol
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72. A ester of brassicastanol of claim 71, wherein the hydrogen of the

hydroxy! group at C-3 is replaced with a straight or branched chain fatty acid

having two to twenty-two carbon atoms in the main chain.

73.  Anisolated DNA molecule, having a nucleotide sequence selected from
the group consisting of: '.

(a) SEQ ID NO: 2, or the complement thereof:

(®)  anucleotide sequence that hybridizes to said nucleotide sequence of (a)
under a wash stringency equivalent to 0.5X SSC to 2X SSC, O.l% SDS, at 55-
65°C, and which encodes a polypeptide having steroid Sa-reductase enzymatic
activity substantially similar to that of Arabidopsis thaliana steroid Sa-reductase;
(©) a nucleotide sequence encoding the same genetic information as said
nucleotide sequence of (a), but which is degenerate in accordance with the

degeneracy of the genetic code; and

(d)  anucleotide sequence encoding the same genetic information as said

nucleotide sequence of (b), but which is degenerate in accordance with the

degeneracy of the genetic code.

74.  Anisolated DNA molecule, having a nucleotide sequence selected from
the group consisting of:
(@ SEQIDNO: 4, or the complement thereof;,

~(b)  anucleotide sequence that hybridizes to said nucleotide sequence of (a)

under a wash stringency equivalent to 0.5X SSC to 2X SSC, 0.1% SDS, at 55
65°C, and which encodes a polypeptide having steroid Sa-reductase enzymatic
activity substantially similar to that of Zea mays steroid 5e-reductase;

()  anucleotide sequence encoding the same genetic information as said

) hucleotide sequence of (a), but which is degenerate in accordance with the

degeneracy of the genetic code; and
(d  anucleotide sequence encoding the same genetic information as said
tiucleotide sequence of (b), but which is degenerate in accordance with the

degeneracy of the genetic code.
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75.  Anisolated DNA molecﬁle that encodes a steroid Se-reductase enzyme or
fragment thereof, comprising a nucleic acid sequence selected from the group
consisting of:

(a) SEQ ID NO: 6, or the complement thereof;

(b)  anicleotide sequence that hybridizes to said nucleotide sequence of (a)
under a wash stringency equivalent to 0.5X SSC to 2X SSC, 0.1% SDS, at 55-
65°C, and which encodes a polypeptide having steroid Sa-reductase enzymatic
activity substantially similar to that of Glvcine max steroid Sa-reductase;

(c) a nucleotide sequence encoding the same genetic information as said
nucleotide sequence of (a), but which is degenerate in accordance with the
degeneracy of the genetic code; and _

(d) . anucleotide sequence encoding the same genetic information as said
nucleotide sequence of (b), but which is degenerate in accordance with the

degeneracy of the genetic code.

76.  Anisolated DNA molecule that encodes a steroid Se-reductase enzyme or
fragment thereof, comprising a nucleic acid sequence selected froxﬁ the group
consistihg of:

(a) SEQ ID NO: 8, or the complement thereof;

(b)  anucleotide sequence that hybridizes to said complement of (a) under a
wash stnngency equivalent to 0. 5X SSC t0 2X SSC, 0.1% SDS at 55-65°C, and
which encodes a polypeptide havmg enzymatic activity similar to that of Glycine
max steroid aa-reductasc

(c) a nucleonde sequence encodmg the same genetic mformatwn as said
nucleotide sequence of (a), but which is degenerate in accordarice w1th the
degeneracy of the genetic code; and

(d)  anucleotide sequence encoding the same genetic information as said
nucleotide sequence of (b), but which is degenerate in accordance with the

degeneracy of the genetic code.-
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77. A recombinant construct, comprising as operably linked coniponents in the
5'to 3' direction, a seed-specific promoter or a promoter functional in a plant
plastid, an isolated DNA molecule of claim 73, 74, 75 or 76, and a transcription

termination signal sequence.

78.  The recombinant construct of claim 77, which, when said promoter is a
seed-speéiﬁc promoter, further comprises a transit peptide coding region capable
of directing transport of said steroid 5a-reductase into a plastid, operatively linked

‘to said isolated DNA molecule.

79. The recombinant construct of claim 77, which, when said promoter is a
promoter functional in a plant plastid, further comprises:
a gene encoding a selectable marker for selection of plant cells comprising a
-plastid expressing said marker, and

5 DNA regions of homology to the genome of said plastid, wherein said regidns of
homology flank said promoter functional in a plant plastid, said DNA sequence,
said transcription termination signal sequence. and said gene encoding a selectable

marker.

80.  .The recombinant construct of claim 77, which, when said promoter is a
promoter functional in a plant plastid, further comprises a ribosome binding site

joined to said plastid promoter.

81.  The recombinant construct of claim 80, wherein said ribosome binding site
~is obtainable from a leéd_ci‘ sequence selected. from the group consisting of a site

derived from a plastid, bacteﬁal,' or bacteriophage leader sequence.:

e, .. Lt -
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'82.  The recombinant construct of claim 81, wherein said ribosome binding site
is selected from the group consisting of the binding site of the gene 10 leader and

the rbcLRBS site.
83. A recombinant vector comprising said recombinant construct of claim 77.
84.  The recombinant vector of claim 83, which'is a plant expression vector.

. 85. A transformed host cell, comprising said recombinant construct of claim

77.

.'86.  The transformed host cell of claim 85, wherein said host cell is a plant cell.
87. A method of producing a steroid Se-reductase, comprising culturing a
transformed host cell of ¢laim 85 for a time and under conditions ¢onductive to

the production of said steroid 5 a-reductase, and recovering said 5 a-reductase

produced thereby.
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88.  Stigmastanol, having the structure:

HO
Stigmastanol
89. An ester of stigmastﬁnol of claim 88, wherein the hydrogen of the

hydroxy! group at C-3 of stigmastanol is replaced with a straight or branched

chain fatty acid having two to twenty two carbon atoms in the main chain.
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